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CHAPTER 1. 
GENERAL INTRODUCTION 
Generally, artificial materials implanted into bone defects are 
encapsulated by a fibrous tissue to be i~olated from the surrounding bone. 
In early 1970s, however, Hench et al. discovered that some glasses in the 
system Na20-Ca0-Si02- P20 5 spontaneou~ly bond to the living bone 
without forming the fibrous tissue around them, and named them Bioglass® 
[1 ]. Since then, various kinds of ceramics such as gla~s-ceramic Cera vital® 
containing Cr) stalline apatite (2], sintcred h) drcYX) apatite (Ca 10(P04 ) 0(0H)2) 
(3], glass-ceramic A-W [4] containing crystalline apatite and wollastonitc 
(CaO ·Si02), gla~s-ceramic Bioverit® containing crystalline apatite and 
phlogopite [5], Mg0-Ca0-Si02-P20 5 glas~ [6], Ca0-Si02 glasses (7], 
sintered {3-3Ca0 ·P 20 ., [8] and natural calcite [9] were also found to bond 
to the living bone. They are now called bioactive ceramics and some of 
them arc already clinically used as artificial middle car bones, maxillofacial 
implants, bone fillers, artificial iliac crests, artificial vertebrae, artificial 
intervertebral discs de. Among them, glass-ceramic /\-W shows a fairly 
high mechanical strength as high as 200 MP a (1 0, 11] as well as high 
bioactivity [ 12], and hence can be used under rather loaded conditions (13-
14]. 
Highly loaded bones such as tibial and kmoral bones, however, can 
not be replaced even with this glass-ceramic, \incl.! its fracture toughness 
is lower and its elastic moduli are higher than those of the human cortical 
bones. For these purposes, metallic implants such as titanium metal and its 
alloys coated with plasma-sprayed apatite layer arc now used (15]. In this 
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form, apatik i~, howt:ver, difficult to control it\ composition and structure, 
and may not be stable for a long period in the li\ mg body. In addition, high 
clastic moduli of the mt:tallic implants are liable to induce rcsorption of the 
surrounding bone because of their stress shielding. Therefore, highly 
bioactive materiab with mechanical propertie~ analogous to those of the 
natural bone are de~ired to be developed. 
All the bioactivt: ceramics described above except for resorbable 
~intcred {J-3Ca0 ·1\0c; [16] and the natural calcite (17] bond to the bone 
through a layer of an apatite which is formed on their surfaces in the body 
[ 6, 7, 1 H 24 ]. The ~a me type of the apatite layer is formed on their surfaces 
even in an acellular simulated body fluid with ion concentrations nearly 
equal to those of the human blood plasma [ H~, 19, 20, 25-30] and is 
characteri7cd with carbonate-containing hydroxyapatite with small 
cry!'!tallite~ and defective structure, similar to the apatite in the bone. This 
type of the apatite layer is not observed on the surfaces of non-bioactive 
ceramic~ in vivo [6, 31] as well as in vitro [26, 29]. Therefore, it is believed 
that the essential requirement for the artificial material to bond to the living 
bone is the formation of the bone-like apatite layer on their surfaces in vivo 
or in vitro [32, 33]. 
All the bioactive glasses and glass-ceramics described above are 
ba~cd on Ca0-Si02 compositions. According to the analysis of their surfa-
ces structural changes due to exposure to the simulated body fluid, the 
bone-like apatite layer is speculated to be formed on their surfaces by the 
following mechanism [3-t-37]: the calcium ion dissolved from the glasses 
and glas\-ceramic<\ increases the ionic acti\ ity product of the apatite in the 
surrounding body fluid, and the hydrated silica formed on their surfaces 
providt:s favorable sill:~ for the apatite nucleation. As a result, a large 
number of the a pat itc nuclei are formed rapidly on the surfaces of the 
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gla~se.\ and gla\s-ceramic~. Once the apatite nuclei arc formed, they 
spontaneous!) gro\\ consuming the calcium and phosphate ions from the 
surrounding fluid, since the body fluid is alrcad~ -..upersaturated with respect 
to the apatite even under the normal condition. 
On the basis of these findings, it is ~xpected that a dense and uniform 
bone-like apatite layer could be formed on various kinds of substrates at 
the normal temperature and pressure by the following process: A substrate 
is faced to a Ca0-Si02-based glass taking a short distance between them 
and soaked in the simulated body fluid. Actually it was confirmed by Abc 
et al. that a dense and uniform bone-like apatite layer is formed on various 
kinds of substrates including metals, ceramic" and organic polymers by this 
method, when a MgO 4.6, CaO 44.7, SiO., 3-l-.0, 1\0<; 16.2 and CaF2 0.5 
wt% glass G in a plate form is used as the Ca0-Si02-based glass and the 
distance between the substrates and the glas\ plates i~ less than 0.5 mm 
[38]. Later, it was also confirmed by T. Kokubo et al. that the same type 
of the apatite layer is formed uniformly not only on the flat surfaces but 
also on curved surfaces of small particles, long ribcrs and woven fabrics of 
various materials including metals, ceramics and organic polymers by the 
following modified process [39]: First a substratt: is set in contact with 
particles of glass G soaked in the simulatt:cl body fluid so that a number of 
apatite nuclei arc formed on the substrate. Second the substratc is soaked 
in another solution highly super~aturatcd with rt:\pect to the apatite so that 
the apatite nuclei grow on the substrate in "itu to form a continuous layer. 
This procc.ss can be called a biomimetic proces\, \ince it mimics a process 
by which the biologically active bone-like apatite layer is formed on the 
surfaces of bioactive ceramics in the living body. 
Among the composites thus obtained, th~,; apatite-organic polymer 
composite~ are especially interesting, sine~,; they arc expected to be useful 
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not only as bone-repairing materials, because they could exhibit their 
mechanical properties analogous to those of natural bone as well as high 
bioactivity. In addition, they might be useful even as soft tissue-repairing 
materials because they could exhibit ductility as well as high compatibility 
even with the soft tissues. 
In the present study, the biomimetic process described above are 
applied to various kinds of organic polymers with different chemical 
structures and surface structures. The induction period for the apatite 
nucleation on their surfaces as well as the adhesive strength of the apatite 
layer to the substrates are investigated in terms of the kind of the polymers, 
their surface treatments and the kind of the glasses used as the nucleating 
agent. The microstructure of the apatite layer formed by the present 
biomimetic method and that of its interface with living bone are also 
investigated. All these are fundamentally important factors for obtaining 
practically useful composites. 
In Chapter 2, the effects of the kind of organic polymers on the 
induction periods for the apatite nucleation as well as the adhesive strengths 
of the apatite layer to the substrate are investigated in terms of the chemical 
structure of the organic polymers. 
In Chapter 3, the effects of the surface treatment of the organic 
polymers with the 1M-HC1 aqueous solution on the induction periods for 
the apatite nucleation and the adhesive strengths of the apatite layer are 
investigated in terms of the structural change of the polymer surface with 
the HC'I treatment. 
In Chapter 4, the effects of the treatment of the organic polymers 
with the 5M-Na0II aqueous solution on the induction periods for the 
apatite nucleation and the adhesive strengths of the apatite layer are 
investigated in terms of the structural change of the polymer surface with 
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the NaOH treatment. 
In Chapter 5, the effects of the treatment of the organic polymers 
with glow-discharge in 0:! gas atmosphere on the induction periods for the 
apatite nucleation and the adhesive strengths of the apatite layer are 
investigated in terms of the structure change of the polymer surface with 
the glow-discharge treatment. 
In Chapter 6, the effects of the kind of the glass used as the 
nucleating agent on the induction periods for the apatite nucleation and the 
adhesive strengths of the apatite layer are investigated in terms of the 
dissolution of the ions from the glasses. 
In Chapter 7, the microstructure of the apatite layer form ed on the 
polymer surface by the biomimetic process, and that of its interface to 
living bone after implantation into rat are investigated by means of scanning 
and transmission electron microscopies. 
Chapter 8 summarizes the whole results and discussions of this thesis 
and points out the future perspectives. 
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CHAPTER 2. 
APATITE FORl\'lATION ON ORGANIC POLYMERS 
BY A BIOMIMETIC PROCESS USING Ca0-Si02-BASED GLASS 
AS NUCLEATING AGENT 
1. Introduction 
It is believed that the essential requirement for thl! artificial material 
to bond to the living bone is the formation of a layer of a biologically 
active apatite, which is a carbonate-containing h) droxyapatite similar to the 
bone apatite, on their surfaces in l'lt'O or in vitro [ L 2]. This type of apatite 
layer wa~ found to be formed on the surface~ of Ca0-Si02-based glasses 
and glass-ceramics by the following mechanbm [3, 4). Thl! calcium ion 
dissolved from the materials increasl!s the ionic activity product of the 
apatite in the surrounding fluid, and the hydrated ~ilica formed on their 
surfaces provides specific favorable sites for the apatite nucleation (5]. As 
a result, a large number of apatite nuclei arc rapidly formed on their 
surfaces. Once the apatite nuclei are formed, they grow spontaneously by 
consuming the calcium and phosphate ions from the surrounding fluid, 
since the body fluid is already supersaturated with respect to the apatite 
even under the normal condition [6). 
On the basis of the mechanism of apatite formation on their surfaces, 
T. Kokubo et al. have revealed that the bone-like apatite layer can be 
formed not only on the flat surfaces of plates but also on curved surfaces 
of small particles, long fibers and woven fabrics of various materials 
including metals, ceramics and organic polymers by the following 
biomimctic process (7]: A substrate is set in contact with particles of a 
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CaO- SiO:!-based glass soaked in the (\imulated bod) fluid (SBF) so that a 
numb~..:r of apatite nuclei are formt..:d on tht..: "ub~trate. Then, the substrate is 
\Oakt..:d in another solution highly "upersaturall!d with respect to the apatite 
"o that the apatite nuclei grow on the substrate in ~itu to form a continuous 
layer. Among the composites thus obtained, the apatite-organic polymer 
composiks are expected to be useful for repairing not only hard human 
tissues hut also as soft ones, since they can exhibit not only a high bone-
bonding ability but also a high compatibility with even soft tissues, as well 
as mechanical properties analogous to those of both hard and soft tissues. 
In thi\ chapter, the effects of polymers on the induction period for the 
apatite nucleation and the adhesive strength of the apatite layer to the 
polymer were investigated. 
2. Experimental 
2.1. Preparation of Ca0-Si02-Based Class 
A glass named G of the nominal composition MgO 4.6, CaO 44.7, 
SiO., 34.0, P:!O) 16.2 and CaF:! 0.5 wt%, which is the parent glass of high 
"trength bioactive glass-ceramic A-W [8], was used as the 
CaO- SiO:!-based glass for nucleating the apatite. A mixture of the reagent 
grade chemicals of the corresponding composition was put into a 50 ml 
platinum crucible and melted at 1450 oc for 1 h in a MoSi2 furnace. The 
mdt '" a~o, poured onto a stainless (\tee! plate and pressed into a glass plate. 
It wa~o, cru\ht.!d by a laboratory planetary type /irconia ball mill, and sieved 
for obtaining only the grains 150 to 300 ,um in size. 
-12-
., ? Preparation of Solution.\ 
The ~imulated bod) fluid (SBF) with ion concentrations nearly equal 
to tho"e of human blood plasma [9] as the medium for apatite nucleation, 
and an aqueou~ solution with ion concl.!nlrations 1.5 times those of SBF 
(l.5SBF) as the medium for apatite growth \\ erl.! prepared by dissolving the 
reagents of NaCl, NaHC03, KCI, K:!HP0 1·J il .,O, MgC1 :! ·6H:!O, CaCI:! and 
Na2S04 into an ion-exchanged and distilled wakr in a polystyrene bottle 
to give the concentrations shown in Table I. !'hest.! solutions were buffered 
at pl I 7.25 by tris(hydroxymeth) l)aminomdhane ((Cl I:!OH)1CNH:!) and 
1 M-hydrochloric acid (HCI) at 36.5 °C, rt.!spectivdy. 
Table 1. Ion concentrations of SBF and l.SSBF in comparison with those 
of human blood plasma. 
Conccnt rat ion mM 
Na' K+ Ca2• Mg2• IICO I Cl llPO 2 4 S04.! 
Blood plasma 142.0 5.0 2.5 1.5 27.0 I 03.0 1.0 0.5 
SBF 142.0 5.0 2.5 1.5 4.2 I lH.O 1.0 0.5 
1.5SBF 213.0 7.5 3.H 2.3 6.3 223.0 1.5 0.75 
2.3. Preparation of Substrate 
Ten kinds of organic polymers were prepared a~.o the ~ubstrates for the 
apatite coating by the following methods. Ccllulo~e triacetate (CTA) with 
a degree of substitution (OS) of 2.86 wa~ ~upplied by Daicel Chem. Incl. 
Ltd., (Osaka, Japan) and its plates were prepared by casting process on a 
teflon template from a chloroform solution of 7 wt% concentration. 
Poly(ethylenc terephthalate) (PET) and poly(vinyl chloride) (PVC) were 
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'->Upplied by Toyobo Co. Ltd., (Osaka, Japan) and their plates were prepared 
b) hot-compre(\.;,ion process under a pres~urc of 1 Pa at 200 oc and 100 
°C, n.:'->pecti\'ely. Plates of pol) (methyl mdhacr) late) (PMMA), polyamide 
o (Nylon o), polyethylene (PE) and poly(tctrafluoroethylene) (PTFE) plates 
were supplied by Sanplatec. Co., (Osaka, Japan). Poly-ether sulfone (PESF) 
was supplied by ICJ. PLC (England). Poly-ether sulfone plates were 
prepared by extrusion. Poly(dimethyl siloxane) (PDMS) sheet was supplied 
by Shin-etsu Chemical Co. Ltd., (Tokyo, Japan). Poly(vinyl alcohol) (PVA) 
was dissolved in a mixture of water and dimethyl sulfoxide (20/80 wt ratio) 
at about 140 oc for 2 h in N2 atmosphere, and quickly quenched at -20 oc 
to give a transparent gel. The obtained PV A gd was dried in vacuo at room 
temperature for 24 h, followed by further annealing at 160 oc for 1 h for 
obtaining the gel contained water up to 20 wt%. After soaking in the 
distilled water, PV A hydrogel with a water content of 22 wt% was 
obtained. All the plates were cut into a rectangular piece of 10 mm x 15 
mm x 1 mm and abraded with #400 diamond pad on their one side. A cloth 
(10 mm x 15 mm in area) woven with ultrafine PET fiber 2 ,um<t> which 
was supplied by Toray Co. Ltd., (Ohtsu, Japan) was also used as a 
substrate. Chemical structures of these polymers are shown in Table 2. 
2.-1. Formation of Apatite Layer 
Each substrate described above was first placed on particles of glass 
G which were soaked in 30 ml of SBF at 36.5 °C, respectively in different 
polystyrene bottles 35 mm<t> and 70 mm high a~ '->hown in Fig. 1 for various 
periods up to 168 h, for forming the apatite nuclei on the surface of the 
sub~t rate apposed to the glass particles. Then, the substrate was soaked in 
.)() ml of 1.5SBF at 36.5 oc in the polystyrene bottle for 6 d for making the 
apatite nuclei grow on the surface of the substrate in situ. The 1.5SBF 
-1--1--
Table 2 Chemical ~tructtHt:' of pol~ mt!r~ t!xamint!d. 
Name Structural formula 
I"' 
Cellulose triacetate (CfA) CHz()Ac 
I )- - Q 
- r--<Q_Ac ,__ __ ..,._ 
n 
Poly( ethylene terephthalate) (PET) 
Poly(vinyl chloride) (PVC) 
I"' 
-
Poly(methyl methacrylate) (PMMA) yH:t 





Polyamide 6 (Nylon 6) f ~ (C } --} C- -N - H2 s 
11 n 
0 
Polyethylene (PE) t 1 CH2 - CH2 Tn 
Poly(tetrafluoroethylene) (PTFE) -f·CF2 - CF2 1-n 
Poly-ether sulfone (PES F) -t@-S02-@--0 -j- n 
CH3 f-Si-o-f CH3 n Poly(dimethyl siloxane) (PDMS) 
Poly( vinyl alcohol) (PV A) 
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~olution was renewed every 2 d. After the second treatment, the substrate 
wa~ washed moderately with di~tilled water, and dried at room temperature. 
2.5. Surface Analysis of Sub.\trate 
The surface\ of the sub~trates after the second treatment were 
analyzed with a thin-film X-ray diffraction, Fourier-transform infrared 
(FT -1 R) reflection spectroscopy and a scanning electron micrography 
(SEM). The former two techniques enable us to detect only thin layer about 
I p.m thick at the ~urface. In the X-ray diffraction, a thin-film attachment, 
Rigaku 2651 AI (Rigaku Co., Tokyo, Japan) was used and the glancing 
angle of the ~pecimen was fixed at 1 o against the incident beam. The 
infrared ~pectroscopy was performed by using a spectrometer, FT -IR 5M 
(Japan Spcctroscopic Co. Ltd., Tokyo, Japan) with the reflection angle of 
75°. In the ~canning electron micrography, the specimen was coated with 
gold-palladium film and observed under an electron microscope, Hitachi-
S-2500CX (I litachi Co. Ltd., Tokyo, Japan ). 
2. 6. Measurement of Adhesive Strength 
1\. couple of brass jigs with a base of 8 mm<t> were attached to the 
outer surface of the apatite layer of 10 pm thick fo rmed on the substrates, 
and to the opposite side of the substrate wit h a cyanoacrylate adhesives, as 
shown in Fig. 2, and left untouched for 1 d for complete solidification of 
the adhesives. Then the adhesive strength of the apatite layer to the 
\ubstrate wa"> measured by applying a tensile stress to their interface by 
using an Instron-type testing machine (Shimazu Model, Kyoto, Japan) at 
a cross head speed of 1 mm/min, until the fracture occurred at the interface 
between the apatite and the substrate. At least five measurements were done 
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Figure l. A ~iomimetic process for forming the bone-like apatite layer on 
vanous sub ... trates. 
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(10 mm x 15 mm x 1 mm) 
Figure 2. Arrangement for measuring the adhesive strength of the 
bone-like apatite layer to the substrate. 
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3. Results 
Figure~ 3, 4 and 5 ~ho'A thin-film X- ray diffraction patterns, FT - IR 
reflection spectra and SEM photograph~ of the surfaces of the PESF 
\ub"trates which were subjected to the fir~t trl!atment for different periods 
and then to the ~econd treatml!nt for 6 d. It can be seen from these figures 
that a dense and uniform layer of carbonate-containing hydroxyapatite with 
a ~mall crystallite and/or defective structure, similar to the apatite in the 
natural bone, can be formed on an organic polymer substrate by the present 
biomimetic method. Formation of the apatite layer, however, largely 
depends on the period of the time for the fir,t treatment. When the first 
treatment wa~ omitted, the apatite was not formed even after the second 
treatment for 6 d. This indicate~ that the fir-..t treatment in the presence of 
the CaO-SiO:!-based glass is e~sential for the apatite nucleation on the 
~ubstrate. The apat ite was formed only sparsely on the substrate subjected 
to the fir~t treatment for the periods shorter than 12 h, and made a 
continuous layer only on that subjected to thl! first treatment for the periods 
longer than 24 h. This indicaks that the number of the apatite nuclei 
formed on the substrate increases with increa"ing period of time of the first 
treatment. Here, the time of the first treatment required for forming 
sufficient amount of the apatite nuclei to make a continuous layer after the 
!'-econd treatml!nt is tentativdy defined a~ the induction period for the 
apat ite nucleation. The induction periods thu..., obtained for each organic 
polymer described in Section 2.3. were almost 24 h independent of the kind 
of polyme rs, except 12 h for PVA- H22%. 
The adhl!-..i\e strengths of the apatite layer which were measured by 
the method clcscribccl in Section 2.6. for some organic polymer substrates 
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Figure 3. Thin-film X ray diffraction pattcrn~o, of the surface~ of PEST· 
substrates placed on glass G grain~ in SBF for different periods 
and then soaked in 1.5SBF for o d. 
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Figure 4. FT-IR reflection spectra of the surfaces of PESF substrates 
placed on glass G grains in SBF for different periods and then 
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3 that the adhesive \lrength largely varies with the kind of the polymers. 
Among the examined polymers, PET, PESF and PV A-H22% showed 
relatively high adhesive strengths of about 4 MPa. 










[ ] Standard ckviation 






< 1.10 X 10 2 
3.20 [0.12] 
Figure 6 shows SEM photographs of PET fabric before and after 
coating of the bone-like apatite layer by the present biomimetic method. It 
can be ~een from rig. 6 that the apatite layer is formed uniformly on the 
individual constituent~ fine fibers. This fabric can be bent sharply without 
peeling ofT the apatite layer. 
4. Discussion 
It t\ intere~ting lo know that the induction period for the apatite 
nucleation on the ~ub\trate~ is almost 24 h, independent of the kind of the 
organic polymers. Poly(vinyl alcohol) hydrogel is exceptional, since it 
-22-
Before coating After coating 
Figure 6. SEM photographs of ~urfaces of PET fabric before and after 
coating of the bone-like apatite. 
contains a large amount of the water. 
Glass G used in the first treatment dissolves an appreciable amount 
of the calcium as well as the silicate ions [1 0]. Among them, the calcium 
ion increases the ionic activity product of the apatite in the SBF in the 
narrow gap between the substrale and the gla~\ particles, since the calcium 
is the constituent clement of the apatite. The silicate ion is speculated to be 
attached to the surface of the organic polymer substrates to induce the 
apatite nucleation on the surface of the substrates similar to the surfaces of 
the glass particle~. Therefore, the induction period for the apatite nucleation 
on the substrate may be closely related to the affinity of the silicate ion to 
the substrate. If this assumption is correct, the present result indicates that 
the affinity of the silicate ion to the organic polymers is almost equal 
among the examined polymers, independent of their chemical c;tructure. 
In spite of this, the adhe~ive strength of the apatite layer formed on 
-23-
the polymer substrates varied largely depending upon the kind of the 
polymers. Among the examined polymers, PET, PESF and PVA-H22% 
showed a relatively high adhesive strength, whereas PMMA, Nylon 6, PE 
and PTFE showed a low adhesive strength. PVA-H22% is again 
exceptional, since it contains a large number of micropores. The apatite 
layer formed on the surfaces of PET and PESF was not able to be peeled 
off, even by scratching with a sharp knife edge. Mechanical interlocking of 
the apatite layer to the substrate could contribute to the adhesive strength 
at least partly, since the surfaces of the polymers were previously abraded 
with a #400 diamond pad. This effect, however, might be almost equal for 
all the examined polymers. Therefore, the relatively high adhesive strength 
of PET and PESF can be attributed mainly to their chemical and/or electric 
properties. Both polymers include phenyl groups and polar groups such as 
ester and sulfonyl groups in the main chains, and have appropriate 
hydrophile-lipophile balance. It is also known that these polymers exhibit 
proper electric properties. It is expected that a fairly strong bond could be 
formed between these polar groups of the polymers and hydroxyl groups or 
calcium ions of the apatite. Poly(methyl methacrylate) showed a low 
adhesion, although it has also the ester groups in the molecular chain. This 
might be attributed to the facts that the chemical structure of PMMA which 
bears the ester groups not in the main chain but in the side chain and that 
its electrical properties such as static electricity are very different from 
those of PET. Polyamide 6 also showed a low adhesion, although it has 
amide group showing the highest polarity among the functional group of the 
examined polymers [11 ]. This might be attributed to the following two 
factors: The amide group does not exist on its surface, since it is liable to 
condense within Nylon 6. In addition, the static electricity of Nylon 6 is 
similar to that of PMMA. Polyethylene and PTFE can bond to the apatite 
-24-
only by weak van der Waals force. 
These re:-.ults indicate that the adhesi\ e ~trcngth of the apatite layer 
formed by the present biomimetic method to the organic polymer substrates 
can be improved further with the increase in their surface roughness and/or 
with the increase in the amount of some proper polar groups on their 
surfaces by physical or chemical treatments. 
The apatite in the layer formed by the present biomimetic process is 
very similar, in its microstructure and composition, to the biologically 
active bone-like apatite layer which is formed on the surfaces of bioactive 
ceramics in vivo and is responsible for bonding to the living bone [12-16]. 
It has been shown that the degree of bioactivity of materials which is 
represented, for example, by rate of formation of bone on the surface of the 
materials (17], is very closely related to th~ rate of formation of the 
biologically active bone-like apatite layer on their surfaces in vivo. Higher 
bioactivities of Bioglass and glass-ceramic A-W than that of the sintered 
hydroxyapatite [17] are attributed to higher rate of formation of the bone-
1 ike apatite layer on the surfaces of the formers [ 18, 19]. In view of this 
fact, it is expected that the apatite layer formed by the present biomimetic 
process could exhibit very high bioactivity. This means that the present 
method can give highly bioactive materials with various mechanical 
properties. 
It can be seen from Fig. 6 that all the constituent fine fibers are 
uniformly coated with the dense and uniform apatite layer. This structure 
is very similar to that of the natural bone at least partly. If this type of 
material can be fabricated into three dimensional structure analogous to that 
of the natural bone, the resultant composite could exhibit analogous 
mechanical properties to those of the natural bone, as well as high 
bioactivity, and hence might be useful as bone-repairing materials. 
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In addition, it is noted that the apatite m the bone is intimately 
combined with some proteins such a:-. collagen. In view of thi~ fact, it is 
also expcckd that the bone-like apatite formed by the present biomimetic 
procc~s also could exhibit good biocompatibility even with soft tissues 
consisting of organtc substances. Actually, it 1.\ already reported that PESF 
coated with the bone-like apatite layer by the present biomimetic process 
showed good compatibility with the soft tissues of trachea [20). 
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IMPROVEMENT IN ADHESION OF APATITE lAYER 
TO POLYMER SUBSTRATES BY HCI TREATMENT 
I. Introduction 
A dense and uniform layer of bone-like apatite can be formed on the 
surfaces of\ arious kinds of organic pol) mers even in a form of woven fine 
fiber fabric by the biomimetic proces~ dc~cribed in Chapter 2 [1]. The 
apatite-organic polymer composites obtained by thi~ biomimetic process arc 
expected to be useful as bone-repairing materiab, because they could 
exhibit mechanical properties analogous to those of natural bone as well as 
high bioactivity. In addition, they might be also useful even as soft tissue-
repairing materiab because they could exhibit ductility as well as high 
compatibility even with soft tissues [2]. 
In the present biomimetic proce~~. if the fir~t treatment is omitted, the 
apatite is never formed. Therdore, the periml of time necessary in the first 
treatment for forming apatite nuclei in sufficient amount to make a 
continuous layer after the second treatment is important and is hereafter 
referred to the induction period for the apatite nucleation. The induction 
periods for the organic polymer~ were all longer than 12 h as shown in the 
previous chapter. 
The adhesive strength of the apatite layer to the substrates was shown 
in the previous chapter to vary from almo~t 0 to 4 MPa, depending on the 
kind of polymers. The apatite adhered with a strength of about 4 MPa to 
poly(ethylene terephthalate) (PET) and poly-ether sulfone (PESF), but with 
very low strength to poly(mcthyl methacrylate) (PMMA), polyamide 6 
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(Nylon 6), polyethylene (PE) and poly(tetrafluoroethylene) (PTFE) . In the 
biomedical application of the apatite-organic polymer composites, it 1s 
important that the apatite layer fairly ~trongly adheres to the substrate. 
In this chapter, \ arious kind ... of pol} mer substrates were treated with 
lM-HCl aqueou" \Olution, and then to the same biomimetic process as that 
de~cribed in Chapter 2. The effects of the HCl treatment on the induction 
periods and the adhesive strength of the apatite layer to the substrates were 
investigakd. 
2. Exper·imcntal 
2. 1. Preparation of polymer substrate 
Poly(ethylene terephthalate) (PET), poly(methyl methacrylate) 
(PMMA), poly-ether '>ulfone (PESF), polyamide 6 (Nylon 6), polyethylene 
(PE) and poly(tetrafluoroethylene) (PTFE) were prepared as the substrates 
by the same method as that described in Section 2.3. of Chapter 2. They 
were cut into rectangular specimens 10 mm x 15 mm x 1 mm in size and 
abraded with #400 diamond paste. 
2.2. HCL Treatment 
The sub~trates were soaked in 10 ml of lM-HCl aqueous solution at 
20 oc for various periods from 0 to lO min . After the HCl treatment, the 
substrates were washed with the distilled water moderately, and dried at the 
room temperature. 
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2.3. Surface Clwracteri:ation 
Organic polymer substratcs treated with the HCI aqueous solution for 
3 min were placed in vacuo at 60 °C for 1 h to evaporate the moisture 
completely. Binding energies of carbon and oxygen in the llCl-treated and 
Untreated organic polymer substrates were measured by X-ray 
photoelectron spectroscopy (XPS) with an ESC A Model MT5500 
(ULVAC-PIII Co. Ltd., Chigasaki, Japan). MgKa X-ra) was used as the 
source. The photoelectron take-off angk (the angk between the sample 
surface and the detector axis) was set at -l5°. This geometry permits the 
detection of photoelectrons escaping from a depth within the range of 5-10 
nm [3, 4 ]. Measured binding energies were corrected by referring the 
binding energy of the C1s in Cll2 group as 28-l.6 eV. Overlapped peaks in 
XPS spectra were separated by the pattern fitting method using the 
Gaussian profile for the individual peak~. 
2.-1. Apatite Coating 
Glass particles named G of the nominal composition MgO 4.6, CaO 
44.7, Si02 34.0, P20c; 16.2 and CaF., 0.5 wt%, the simulated body fluid 
(SBF) with ion concentrations nearly equal to those of human blood plasma 
and an aqueous solution with ion concentrations 1.5 t1mes those of SBI· 
(1.5SBF) were prepared by same methods as those described in Sections 
2.1. and 2.2 of Chapter 2. 
The HCI-treated substrates were first set in contact with the particles 
of glass G soaked in 30 ml of SBF at 36.5 oc for various periods less than 
24 h, as shown in Fig. 1 in Chapter 2. Then, the substrates were soaked in 
30 ml of 1.5SBF at 36.5 oc for 6 d. The 1.5SBF solution was renewed 
every 2 d. After these treatments, the substrate was washed moderately with 
distilled water, and dried at room temperature. 
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2.5. Analy\i.\ of Apatite 
After the ~econd treatment, the o..,urfaceo.., of the substrates were 
analy;cd by thin-film X-ray diffraction with RINT -1400 (Rigaku Co., 
Tokyo, Japan) and Fourier transform infrared (FT-IR) spectroscopy with 
Model FT -IR SM (Japan Spcctroscopic Co. Ltd., Tokyo, Japan). Gold-
palladium film was coated on the surface of the ~pecimens and scanning 
electron microscopic images were observed with S-2500CX (Hitachi Co. 
Ltd., Tok.yo, Japan). 
2.6. Mea\llrement of Adhesive Strength 
The organic polymer substrates on which the apatite layer of about 
10 pm thick wao.., formed by the firo..,t treatment for 24 h and the second 
treatnh.:nt for 6 cl were u~ed as the tc~t samplco..,. The adhesive strength of 
apatite layer formed to the substrates was measured by the same method as 
that described in Section 2.6. of Chapter 2. 
3. Results 
3.1. XPS anal.ni.., 
The Cl s and 0 l s XPS spectra of PET and PMMA treated with HCl 
for 3 min and tho~c untreated arc shown in Figs. 1 and 2, respectively. The 
Cb peako.., were rcsol\cd into four components with binding energies of 
2H4.6, 2H6.~, 2~7.H and 288.8 cV, respectively, by line-profile analysis. 
The main peak at 284.6 eY, was in agreement with the binding energy of 
the carbon in -(CII.,)11 - group for substrates. The Cls peaks at about 286.8, 
2H7.H ami 288.8 cV arc attributed to the carbon in -1C-O or 1C-OH, >C=O 
~ I I 
or 0 ~ -0 groups and 0-C=O or 11-0-C=O groups, respectively [5, 6]. 
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These three peaks increa~ed by the !!Cl treatment. Similarly, the Ols peak~ 
\\ ert: resohed into tv. o component... v. ith bmding energies of about 531 eV 
attributed to the OX) gen in >C=O group, and of about 533 eY attributed to 
I 
the oxygen in H-0-C=O group. l'he latter inctt:ased by the liCl treatment. 
These results indicate that the o'\idized carbon groups increased in the 
surface region b) the HCl treatment. For N) Ion 6 similar changes in Ch 
and 01 s peaks were observed as shown in Fig. 3, and it seems that the 
oxidi7cd carbon groups also increa~ed by the IlCI treatment. Figure 4 shows 
the Cls and 01 s XPS spectra of IICl-treated and untreated PESF. In this 
case, no change was observed in Cls spectra by the liCl treatment, 
however, the intensity of Ols peaks about 531 eV increased. It seems that 
the carbon skekton did not change but the S-0 bond changed and SO.,-
OH, sulfonic acid groups were formed in the surface region. For PE and 
PTFE no change in XPS spectra was observed by the 1 I Cl treatment. Table 
1 lists the area ratio of the peaks of variou~ polar groups separated by line-
profile analysis in the XPS spectra of variouo.., kinds of I I Cl-treated and 
untreated substratcs. It is apparent from Table I that the ratios of 1C -0 or 
I I I 
1C-OII, >C=O or 0-C-0 and O=C-0 or O=C-0-fl groups in PET, 
I 
PMMA and Nylon 6 increased by the HCI treatment. This means that the 
ester groups in PET and PMMA and the amide groups in Nylon 6 were 
hydrolyzed to the carboxyl groups by the HCl treatment. 
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Figure 1. Cls and Ols XPS spectra of PET substrate treated and untreated 
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Figure 2. Cls and Ols XPS spectra of PMMA substrate treated and 
untreated with l M-HCl aqueous solution for 3 min. 
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Figur~ 3. Cls and 01 s XPS spectra of Nylon 6 substrate treated and 
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Figure 4. C Is and 01 s XPS spectra of PESF substrate treated and untreated 
with lM- IICI aqueous solution for 3 min. 
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Table 1. Area ratio of functional groups formed on the surface of various organic polymers treated and untreated with 
lM-HCI aqueous solution for 3 min. 
Cls 
Substratc Untreated HCI-treated 
I I 
H2C-CH2 -1C- O >C=O O=C-0 0 F2C-CF2 f 2C-CH2 H2C-CH2 -1C-O >C=O O=C-0 0 f 2C-CF2 F2C-CH2 
or or or I or or or or ~ I or 
I I I I 
-1C- OH 0-C-0 O=C-0-H 0-C-0 f 2C-CHF -1C-OH 0-C-0 O=C-0-H 0-C-0 F2C-CHF 
PET 84 2 5 9 - - - 80 6 7 7 
PMMA 82 3 10 15 - - - 78 5 11 6 
PESF 88 12 - - - - - 89 7 4 
Nylon 6 88 7 5 - - - - 88 5 7 
PE 100 - - - - - - 100 
PTFE 25 - - - - 69 6 11 - - - - 82 7 
Undetected 
Table 1. (Continued) 
Ols 
Substrate Untreated HCI-treated 
I 
>C=O 1C-OH, O=C-0-C 1SO-OH S-OH 
I 
>C=O 1C-OH, O=C-O-C 1SO- OH S-OH 
or or or or 
I I 
O=C-0-H >S02-0H O=C-0- H >S02-0H 
PET 61 39 - - 47 53 
PMMA 75 25 - - 23 77 
PESF - - 52 48 - - 67 33 




3.2. Apatite formation 
Frgure" 5 and o "how thin-film X-ra) diffraction pattern~ and IT -IR 
reflection \pectra, respectively, of the surfaces of the PESF substrates 
treated with I M- J !Cl aqucou~ ~elution for J m in, then subj ected to the first 
treatment for variou" periods and to the second treatment for 6 d. It can be 
~een from hg~. 5 and 6 that the apatite formation on the substrate after the 
second treatment largely depends on the period of the first treatment. When 
the first trcatment wa~ k~s than 6 h, apatite wa~ not detected on the surface 
of the substralc. 
Figure 7 shmvs scanning ekctron micro~cope photographs of the sur-
face..., of PI·SI sulbtratc~ subjected to the ~ame treatments described above. 
It can be seen from Fig. 7 that the apatite i" not formed on the substrates 
e\ en after the second treatment without the first trl!atment. The apatite grew 
on I} "JHtrsely on the "ub~trate v.. ith first trt!atment shorter than 6 h. With the 
first treatment longer than 12 h, a dense and uniform apatite layer was 
formed on the J ICI-treatl!d PESF substrates. So the induction period for the 
apatite nucleation, that is, the period required for the first treatment to form 
the apatite nucle i in enough number to make the continuous layer after the 
second treatment was determined as 12 h. The induction periods thus 
mca\ured for various 01ganic pol) mt!rs are li~kd in Table 2. The induction 
period~ were reduced from 24 to 12 h for PeT, PMMA, PESF or Nylon 6 
by the l I Cl treatment, but were not changed for PE and PTFE. 
-46-
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Figure 5. Thin-film XRD patterns of surfaces of HCI-treated PESF 
substrates soaked in l.SSBF for 6 d after soaking in SBF with 
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Figun.: 6. Fourier transform IR reflection spectra of surfaces of HCl-treated 
PESF sub~trates soaked in l.SSBF for 6 d after soaking in SBF 
















Tabk 2. lnductwn periodc; for apatilt:! nucleation on various polymers 









3.3. Adhe\ive \lrcngtlt 








Figure X ~how~ the adhesive strength of the apatite layer to organic 
polymer \llb~trate~ a~ a function of HCl treatment time. For PET, PMMA 
and Nylon 6, the adhe~ive strength increased from 3.5 to 7.0 MP a, fro m 1.1 
to 2.~ MPa and from 0.6 to 3.1 MPa, respectively, with the HCI treatment 
for 3 min. They al l decreased by the HCI treatment for longer than 3 min. 
The adhc~ive strengths decreased with increasing HCI treatment time for 
PESF and PE from 4.4 to 0.3 and from 1.9 to 0.2 MPa, respectively. For 
PTFE. the adhe~ive ~trength less than 1.1 x 10 ~ MP a, was not changed. 
4. Discussion 
In the fir~t :-.oaking, glass G dissolves calcium and silicate ions in the 
SBF [7]. It i!-. thought that the calcium ion increases the ionic activity 
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Figure 8. Adhesive strengths of bone-like apatite layer to various substrates 
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Figure 8. (Continued) 
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on the surface of the organic polymer substrates, where the apatite nuclei 
are formed by the similar reaction occurred on the surfaces of the bioactive 
CaO-SiO~-based glass (8-10]. Therefore, it is considered that the induction 
period for the apatite nucleation is closely rdated with the affinity of the 
silicate ions to the substrate. The induction period for the apatite nucleation 
on PET, PMMA, PESF and Nylon 6 was reduced from 24 to 12 h by the 
HCl treatment. The ester groups in PET and PMMA were confirmed to be 
hydrolyzcd to the carboxylic acid group by the I I Cl treatment by the 
following reactions, and the sulfon) I group in PESF was hydroly1ed to the 
sulfonic acid group (See Table 1 ). 
The hydrolysis reaction of the ester group 
0 
I! 








R-# e + R'OH .-. Oil} 11 R-C-OH + H 
O H 
The hydrolysis reaction of the amide group 
R-C-N-R' + H.,O ~ RCOOH + R'NH., 





..-. R-C-O' R' .... 
1 H 
O H 
It j, con,ickn;d that the~e polar groups pro\ idc the favo rable sites for the 
"ilicate ion' to bond to the \Ub'\trates, and hence accelerate the apatite 
nucleation. On the contrary, the induction period" on PE and PTFE were 
not reduced. Both PE and PTFI: ha\ e no e.">ter, amide or other groups to be 
hydroly;ed to ~omt: polar group by the II CI treatment, and hence it is 
con~idered that tht: IICI treatment had no effect on the substrate to increase 
the aff'ini ty with ~tlicatt.,; ions. 
The adhe~ivt.,; strength of the apatite layer to PET, PMMA and Nylon 
() '-Ub\trates increa,ed by the II CI treatmt:nt. The increase is greatly 
correlalt:d with tht: tnduction pt:riod reduction and i~ considered to be due 
to tht: increa\t: of both the numbt:r of apatite nuclei and their bonding 
\tn.:ngth with th t: \Ubstrate caust:d by the polar group formation. It is also 
consi,tent with tht: fact that no increa~c of the adhesive strength was 
obser\·ed lor PE and PTFI: ~ubstrates for\\ htch the induction periods were 
not rt:duct:d b) the II CI treatment. For all thc~e ~ubst ratcs, the adhesive 
strength <.kc rea~t:d with increasing time of I I Cl treatment for period longer 
than 3 min. This might be attributed to the dt:crease in the molecular weight 
of polymer substrate by the longer HCI treatment and the release of 
intt.,;rtwinements among them during the measurement of the adhesive 
stn.::ngth. Thi~ is fairly consistent with the observation that the fracture was 
occurred not at the interlace between the apatite layer and the substrate but 
in the surface n.:gton of tht.,; substrate subjected to longer HCI treatment. For 
PI·S I , the tncrca\e 111 the number of the apatite nuclei by the HCI treatment 
might he cancelled and dominated by the cornp~ting reaction that releases 
the pol) mer chain~. Con~equentl), decreast.,; in the adhesive strength with 
the I! Cl treatment \\as obsef\cd. 
-5-+-
5. Conclusion 
By the HCI treatment, ester group~ in PET and PMMA, amide groups 
in N} Ion 6, and sulfonyl groups in PESl- ''ere protonated and then attacked 
with water, to be hydrolyzed to carbOX) lie and ~ulfonic acid groups. These 
polar groups accelerated the apatite nucleation on the polymer substrates by 
increasing their affinity to the silicate ions. The adhesive strengths of the 
apatite layer to PET, PMMA and Nylon 6 increa~ed by the li Cl treatment 
due to the increases in both the number of the apatite nuclei and their 
bonding ~trcngth to the substrates. On the other hand, PE and PTFE, \.vhich 
have no functional groups to be hydro!) Zl!d to some polar groups, showed 
neither the reduction of the induction period for the apatite nucleation nor 
the increase of the adhesive strength of the apatite layer to the ~ubstrate by 
the IICI treatment. 
The present method can give highl} bioactive materiab with various 
mechanical propertie~, which can be applied to so ft tissue-repairing 
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Cl L\PTER .t. 
IMPROVEMENT IN ADHESION OF APATITE LA \'ER 
TO POLYMER SUBSTRATES BY NaOH TREATMENT 
1. Inta·oduction 
A d~n!-1~ and uniform lay~r ol bom:· likl.! apatite can b~ form~d on th~ 
surfaces of various kind.., of organic pol) ml.!rs l.!\ en in a form of woven fine 
fiber fabric by th~ biomimctic procl.!S'> d~'>crib~d in Chapter 2 [I). 
The induction periods for tht! apatilt! nucleation that ar~ ddined a~ 
the times of the first treatment which is r~quired for forming suffici~nt 
amount of apatit~ nuclei to makt! a continuous layer afkr the second 
treatment w~r~ ... ~mwn in Chapk1 2 to b~ 24 h for <~"--prepared 
poly(eth) kne ter~phthalate) (PE'l ), pol) (mdh) \ methacr) \<1\e) (PMMA), 
poly-ether sulfone (PESF) and polyamide 6 (Nylon 6) substrates, whereas 
in Chapter 3, 12 h for those treated with IICI aqueous solution. 
The adhesive strengths of the formed apatite layer to the polymer 
substrates were shown in Chapter 2 to vary from almost 0 to 4 MPa, 
depending on the kind of the polymer~, and in Chapter 3 to increase by 2 
to 5 times for PET, PMMA and Nylon 6 with the HCI treatment. 
In this chapter, various kinds of organic polymers were first subjected 
to the SM-NaOI I aqueous solution, and then to the same biomimetic 
process as that described in Chapter 2. The effects of the NaOJ I treatment 
on the induction periods for the apatit~ nucl~ation and the adhcsiv~ strength 
of the apatite layer to the substrates w~r~ inv~stigated. 
-5<)-
2. Expc.-imcntal 
2.1. Preparation of polymer \ltb.Hrate 
Poly(dhykne tcrephthalate) (PET), pal) (methyl methacrylate) 
(PMMA), poly-dhel ... ulfone (PESF), polyamide 6 (Nylon 6), polyethylene 
(PI:) and poly(tetrafluoroethylcnc) (PTFE) were prepared as the substrates 
by the o..,ame method as that described in Chapter 2. They were cut into 
rectangular specimens 10 mm x 15 mm x 1 mm in size and abraded with 
#400 diamond paste. 
2.2. Na0/1 treatment 
The sub..,trates described above were soaked in 10 ml of SM-NaOH 
aqueous o..,o lution at 20 oc for various periods from 0 to 60 min . After the 
NaOII treatment, thr..! ~ubst rates were washed under a slow flow of the dis-
tilled water, and dried at the room temperature. 
2.3. Swface Characterization 
Organic polymer substrates treated with the NaOI I aqueous solution 
for 10 m in werr..! placed in vacuo at 60 oc for 1 h to evapo rate the moisture 
completely. Binding energies of carbon and oxygen in the NaOH-treated 
and untreated organic polymer substrates were measured by X-ray 
photoelectron ~pcctroscopy (XPS) with an ESCA Model MT5500 
(ULVAC- PIII Co. Ltd., Chigasaki, Japan) under the same conditions as 
those de-.crihed in Chapter 3. Measured binding energies were corrected by 
rderring the binding energy of the Cls in CH:! grou p as 284.6 eV. 
Overlapped pcab in XPS spectra were separated by the pattern fitting 
method u~ing the Gau~~ian profile for the individual peaks. 
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2.-1. Apatite Coating 
Gla~.., particle~ named G of the nominal compo~ition MgO 4.6, CaO 
-l-l.7, SiO .. 3--l.O, P::O" 16.2 and Caf:: 0.5 wt9f., the ~unulated body fluid 
(SBF) with ion concentrations nearly !..!qual to tho:-.1..! of human blood plasma 
and an aqut;ous ~olution with ion concentration~ 1.5 limes tho~e of SBF 
(1.5SBF) were prepared by the same method~ a~ tho~c described in Sections 
2. t. and 2.2. of Chapter 2. 
The NaOJT-trcated substrates were ~et in contact with the particles 
of glass G soaked in 30 ml of SBF at 36.5 °C for various periods less than 
24 h, as shown in Fig. 1 in Chapter 2. Then, the ~ubstrates were soaked in 
30 ml of l.SSBF at 36.5 oc fo r 6 d. The 1.5SBF solution was renewed 
every 2 d. After these treatments, the substrate was washed under the slow 
flow from the distilled water, and dried at room temperature. 
2.5. Analysi.\ of Apatite 
The surfaces of the NaOII-treated sub~trat es after the second 
treatment were analyzed by thin-film X-ray diffract ion with RI NT - 1400 
(Rigaku Co., Tokyo, Japan) and Fouricr transform infrared (FT -IR) 
spectroscopy with Model FT -IR 5M (Japan Spectroscopic Co. Ltd., Tokyo, 
Japan). Gold-palladium film was coated on the ~urface of the specimens 
and scanning electron microscopic images were observed with S-2500CX 
(llitachi Co. Ltd. , Tokyo, Japan). 
2.6. Measurement of Adhesive Strength 
The organic polymer substrates on which the apatite layer of about 
10 f.im thick was formed by the first treatment for 24 h and the second 
treatment for 6 d were used as the test samples. The adhesive strengths of 
apatite layer formed to the substrates was measured by the same method as 
-61-
that described in Section 2.6. of Chapter 2. 
2. 7. AFM Ohsenatwn 
The PET particle~ 2 mm x 3 mm x 2 mm in size were put on the 
platinum plate and soften at 350 oc for a few minutes to form a smooth 
free ~urface, then quenched by dropping into distilled water. The PET 
~ubstrate~ thu~ obtained were treated with 5M-Na0H aqueous solution for 
10 m in at 20 °C, and then washed with the distilled water. The 
NaOII treated and untreated PET substrates were subjected to the first 
treatment of the biomimetic process described above for various periods 
lcs~ than 24 h. After the treatment, the substrate was washed under the slow 
flow of the di~tilled water, and dried at room temperature. The surfaces of 
these PET ~ubstrate~ were observed with atomic force microscope (AFM) 
with Nano~cope Ill (Digital Instruments Inc. U. S. A.) in tapping mode. 
3. Results 
3.1. XPS Analysis 
The Cl s and 0 l s XPS spectra of PET and PMMA treated with 
NaOI I for 10 m in and those untreated are shown in Figs. 1 and 2, 
re~pcctiH!l). The Cl:-. peaks were resohed into four components with 
binding energies of 284.6, 286.8, 287.8 and 288.8 eV, respectively, by line-
profik analysis. The main peak at 284.6 eY, was in agreement with the 
binding energy of the carbon in -(CH~)11- group for substrates. The Cls 
peaks at about 2~().~, 287.8 and 288.8 eY are attributed to the carbons in 
I I I 
1C-O or 7C 01 L >C 0 or 0-C -0 group~ and 0-C=O or H-0-C=O 
I 
groups, re~pcctively [3, 4]. These three peaks increased by the NaOH 
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treatment. Similar!). the Ols peak\\\ ae re~oh ed into tv.o components with 
binding energte~ of about 531 eV attribull:d to the OX) gen in >C=O group, 
I 
and of about 533 e V attributed to the OX) gen in H-0-C=O group. The 
latter increa~ecl by the NaOH treatment. The"e result~ indicate that the 
oxidized carbon groups increased in the ~urface region by the NaOH 
treatment. For Nylon 6, similar change~ in (' h and 01 s peaks were 
observed a~ ~hown in Fig. 3, and it seems that the oxidized carbon groups 
also increased by the NaOH treatment. Figure 4 ~hows the Cls and Ols 
XPS spectra of NaOH-treated and untreated PESF. In this case, no change 
was observed in Cls spectra by the NaOII treatment, however, the intensity 
of Ols peaks about 531 eV increased. It st:em.., that the carbon skeleton did 
not change but the S-0 bond changed and S0~-01 1 , sulfonic acid groups 
were formed in the surface region. For PE and PTFE, no changes in XPS 
spectra were observed by the NaOH treatment. 
Table 1 lists the area ratio of the peaks of various polar groups 
separated by line-profile analysis in the XPS spectra of various kinds of 
NaO II -treated and untreated substrates. It is apparent from Table 1 that the 
I I I 
ratios of 1C-O or 1C-OH, >C=O or 0-C-0 and O=C-0 or O=C-0-H 
I 
groups in PET, PMMA and Nylon 6 increa..,ed by the NaOI I treatment. This 
mean~ that the ester group in PET and PMMA and the amide group in 
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Figure 1. Cl s and 01 s XPS spectra of PET substrate treated and untreated 
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Figure 2. Cls and Ols XPS spectra of PMMA substrate treated and 
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Figure 3. Cls and Ols XPS spectra of Nylon 6 substrate treated and 
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Figure 4. Cl s and 01 s XPS spectra of PESF substratc treated and untreated 
with 5M-NaOH aqueous solution for 10 min. 
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Table 1. Area ratio of functional groups formed on the..! surface of\ arious organic polymers treated and untreated with 
5M-Na0H aqueous solution for 10 min. 
C1s 
Suh!>tratc Untreated :-..aOH-trcatcd 
I I 
H2C-CH2 -1C-O >C=O O=C-0 0 f-.C CF2 F2C-CH. H2C-CH2 -tc-0 >C=O O=C 0 0 F .C -C'F2 F2C-CH2 
or or or or or or or or 
I I I I 
7C-OH 0-C-0 O=C-0-H 0-C-0 F.C-CHF -1C-OH 0-C-0 O=C 0 H 0-C-0 f C C:HF 
PET s.t 2 5 9 -
- -
61 19 7 10 3 
PMMA S""> <- 3 10 15 - - - 70 7 s s 7 
PESF 88 12 - - - - - 80 13 7 
Nylon 6 88 7 5 - - - - 89 ..t 7 
PE 100 - - - - - - JO() 
PTFE 25 - - - - 69 6 I 11 - - - - ~p ·~ 7 
Undetected 
Table 1. (Continued) 
Ols 
Substrate Untreated NaOH-treated 
I I 
>C=O 7C-OH, O=C-0-C 1SO- OI I S-OH >C=O 7C-OH, O=C-0-C 1SO- OH S-Ol i 
or or or or 
I I 
O=C-0- H >S0.,-011 O=C-0-H >SO ... - OH 
PET 61 39 - - I 38 62 
PMMA 75 25 - - 69 31 
PESF - - 52 48 - - ()3 37 





3.2. Apatite Formation 
Figun;<\ 5 and 6 ~how thin-film X-ray diffraction patterns and Ff -IR 
spectra, of the surfaces of the PESF substrates treated with 5M-NaOH 
aqueous .... olution for I 0 m in, then .... ubjeckd to the first treatment for 
various periods and to the second treatment for 6 d. Assignment of main 
peak~ on the~e figures 'v\erc done by referring the data for sintered 
hydroxyapatite which was previously published [5). It can be seen from 
I ig~. 5 and (> that the apatite formation on the substrate after the second 
treatment lcu gdy depends on the period of the first treatment. When the 
fir\t treatment wa~ Jev, than 6 h, apatite \Va~ not detected on the surface of 
the ~ubstr ate. 
Figure 7 show .... that scanning ekctron microscope photographs of the 
surfaces of PESf· substrates subjected to the same treatments described 
above. It can be ...,cen from Fig. 7 that the apatite is not formed on the 
sub~trates even after the second treatment without the first treatment. The 
apatite grew only \par~cly on the sub~tratc with first treatment shorter than 
() h. With the first treatment longer than 12 h, a dense and uniform apatite 
layer about lO pm thick was formed on the NaOII-treated PESF substrates. 
So the induction period for the apatite nucleation, that is, the period of the 
first treatment which is required for forming a sufficient amount of apatite 
nuclei to make the continuous layer after the second treatment was 
determined to be 12 h. The induction period.., thus measured for various 
organic polymers in Section 2.1. are listed in rabic 2. The induction period 
clccreasecl to 12 h for PET, PMMA, PESF or Nylon 6 with the NaOH 
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Figure 5. Thin-film XRD patterns of surfaces of NaOH-treatcd PESF 
substrates soaked in 1.5SBF for 6 d after soaking in SBF with 
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Figure 6. l · o uri~r transform IR reflection spectra of surfaces of NaOH-
treated PESF substrates soaked in 1.5SBF for 6 d after soaking 
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Table 2. Induction periods for apatite nucleation on various polymers 
treated with 5M-NaOH aqueous solution in comparison with 
tho..,e untreated. 






















Figun; X show\ tht: adhesive strength of the apatite layer to polymer 
substrates as a function of NaOH-treatment time. For PET, PMMA and 
Nylon 6, the adhesive strength increased from 3.5 to 8.6 MPa, from 1.1 to 
3.4 MPa and from ().() to 5.3 MPa, respectively, by 10 min.-treatment with 
NaOl I aqueous solution. All of the substrates examined decreased by the 
NaOil treatment for longer than 10 min. The adhesive strength decreased 
with increa\ing NaOII treatment time for PESF and PE from 4.4 to 1.6 and 
from 1.9 to 0.~ MPa, respectively. For PTFE, the adhesive strength less 
than 1.1 x 10 ., MP a, did not change. 
3.-1. Atomic Force Microscopic Image 
Figures 9 (a) and (b) show the AFM images of PET substrates treated 
and untreated with 5M-Na0H aqueous solution, respect ively. As shown in 
Figs. 9, the surface of the PET was roughed by NaOH treatment. Figures 
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Figure 8. Adhesive strengths of bone-like apatite layer to various substratcs 
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Figure 8. (Continued) 
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with SM-NaOH aqueous solution, then subjected to the first soaking for 24 
h, respectively. The apatite nuckt \\ ae formed ~parsely on the untreated 
PET substrate, but formed clo~d) on the NaOll- treated PET substrate. 
.-._ ,~..._~ .' ~ 
. 11 
........ ~ ., , .. 
. ~ .• ., ... 
• • ... ... ... 
~.. . ... 
Figure 9. Atomic force microscopic pictures of PET NaOH-trcatcd (a) and 
untreated (b), and the apatite growing on them ( c and d). 
4. Discussion 
It was previously shown that glass G dis~olves appreciable amounts 
of the calcium and ~ilicate ions into SBF [6). These ions might be enriched 
in SBF at the gap between glass G particles and the substrate during the 
-81-
first tr~atment. Among th~m, the calcium 1on mcreases the degree of the 
~upersaturation of SBF which is already ~up~r~aturated with respect to the 
apatite even befor~ th~ di~solution. This provid~s a favorable condition for 
th~ apatite nucleation. For the apatite to bl! nucleated on the surface of the 
sub<;trall!, however, soml! kinds of nucleating agent must be formed on the 
~ubstrate. The di~~olved ..,jJicate ions are con ... idered to take such forms as 
Si(OI 1}1, SiO(OI 1)3 or SiO:!(OH)/ and their polymerized ones in SBF [7]. 
Some of them might attach on the surface of the substrate, and could 
induce the apatite nuckation there. It was fir~t ~hown from the kinetic point 
of viL:\\ of the apatih.: nucleation on the !-.Urfaces of Ca0-Si02-based 
glasse~ in SBF that hydrated silica induces the apatite nucleation [8, 9]. 
This was later experimentally proved by w .. ing pure silica gel prepared by 
a ~ol-gd method [ 1 0]. 
On the basis of these consideration, the induction period for the 
apatite nucleation on the substrate could be interpreted in terms of the rate 
of allachrnent of the hydrated silica to the substrate. The long induction 
period of 24 h for the polymer substrate~ without the NaOH treatment is 
attribuh.:d to th~ low rate of the attachment of the hydrated silica to them. 
On the other hand, ~horter induction paiod of 12 h for PET, PMMA, Nylon 
6 and PI:SF treated \\ ith the NaOH treatment i.., attributed to high rate of 
the attachmt:!nt of the h) drated silica to them. The increase of the number 
of the apatite nucl~i on one of these polymer~ with the NaOH treatment 
wa~ clearly observed on the AFM picture (Fig. 9). XPS showed that the 
e-.ter group on PET and PMMA and the amide group on Nylon 6 were 
In drol) /ed to form the carbo>..) I group-. b) the NaOH treatment by the 
following reaction, and the sulfonyl group on PESF were also considered 
to be hyclrolyzed to form the ~ulfonic acid group with the NaOH treatment. 
The hydrolysi~ reaction of the e~ter group 
0 
I! 








The hydroly~i~ reaction of the amick group 
OH OH 0 
I I; 
R-C-N-R' ~ R-C-N-R' ~ R-C 
11 I I I 
' 0 H o - H 0 
e + R'Nll., 
It is supposed that the polar OX) gen of the~c polar groups could bond easily 
with the hydrogen of the hydrated silica. 
PE and PTFE showed long induction period of 24 h even after the 
NaOH treatment. This might be attributed to the absence of the groups such 
as ester and amide groups which can be h~ drolyzcd to polar groups with 
the NaOI I treatment for thes~ pol) mer~. Con!-.equcntly, the rate of the 
attachment of th~ hydrated silica to them did not change by the NaOI I 
treatment. Similar relation between the decrease in the induction period for 
the apatite nucleation and the increase in the amount of the polar groups 
were also observed for PET, PMMA, Pl:SF and Nylon 6 treated with the 
HCl aqueou~ ~olut ion. But the magnituck" of the incn;a ... e in the amounts 
of the polar groups by the NaOI I treatment are larger than those by the IICI 
treatmenl. It should be noted that both the l I Cl and NaOI I treatments were 
effective only for PET, PMMA, PFSF and Nylon 6 but not for PE and 
PTFE, in incrl!asing the amount ... of th~ polar groups and hence in 
decreasing the induction period. 
The adhe..,iv~ strength of the apat1te layt!r to PET, PMM/\ and Nylon 
6 substrat~s increased by the NaO I I treatment. This increase is considered 
to be due to the increase in the number of apatite nuclei as well as in their 
bonding strength with the substrate. The hydroxyapatite might form a 
<.,trongcr bonds with the polar groups <.,uch a~ carboxyl and sulfonic acid 
groupc;, which were formed on the surface .... of these polymers by the NaOH 
treatment. It is con\i\tent with the result that no increase in the adhesive 
strength was observed for PE and PTFE substrates. Similar relation between 
the increase in the adhesive strength and the increase in the amounts of the 
polar groups was also observed for the PET, PMMA and Nylon 6 treated 
wi th I I Cl aqueous solution. But the magnitude of the increase in the 
adhesive strength by the NaOII treatment ic; larger than that by the HCl 
treatment. For all the substrates, the adhesive strength decreased with the 
increase of the NaOJ J treatment time for longer than 10 min. This might be 
attribulL:d to the decreac;e in the molecular wt.:ight of polymer substrate by 
th ~..: long~..:r NaO i l tr~..:atmen t and that tht.! inter!~ inements among them were 
released. This is fairly consistent with the observation that the fractu re 
occu rred not at the interface between the apati te layer and the substrate, but 
in the surface region of the substrate for the longer NaOH treatment. For 
PESF, it is considered that the increase in the number of the apatite nuclei 
by the NaOH treatment was cancelled by the competing reaction that 
releases the polymer chains, and no increa~e in the adhesive strength was 
observed. 
enhanced the apatite nuclei formatton in the biomimetic proces~. The 
adhesive strengths of the apatite ht) er to PET, PMMA and Nylon 6 
increased by the NaOH treatment due to the increase of both the number 
of the apatite nuclei and their bonding strength with the substrates. Similar 
relation bet\.\cCn the increase in the adhe...,t\ e ~trength and the increase in 
the amounts of the polar groups was also observed for the PET. PMMA and 
Nylon 6 treated with HCl aqueous solution. But the magni tude of the 
increase in the adhesive strength by the NaOH treatment was larger than 
that by the HCI treatment. On the other hand, PE and PTFE, which have no 
functional groups to be hydrolyzed to polar groups, showed neither the 
reduction of the inductiOn period for the apatite nucleation nor the incrl.!ase 
of the adhesive strength by the NaOI I treatment, as by the I I Cl treatment. 
For these polymers, some other surface treatments arc required for 
improving the adhesive strength of the apatite layer to the suhstraks. 
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CHAPTER 5. 
IMPROVEMENT IN ADHESIOI' OF APATITE LAYER 
TO POLYMER SUBSTRATES 
BY GLOW DISCHARGE TREATMENT 
1. Introduction 
A dense and uniform layer of bone-like apatite can be formed on the 
surfaces of various kinds of organic polymer~ e\ en in a form of woven fine 
fiber fabric by the biomimetic process ck~cribt.!d in Chapter 2 [1 ]. T'he 
induction period~ for the apatite nucleation of the polymers wl.!re shown in 
Chapter 2. to be 2-+ h for as-prepared pol) (eth) Jene terephthalate) (PET), 
poly(methyl methacrylate) (PMMA), polyamide 6 (Nylon 6) and poly-ether 
sulfone (PESF) substrates [1] and, in Chapter 3 or 4, to be reduced to 12 
h with the HCI (2] or NaOH treatment (3]. 
It has been abo ~hown that the adhesi\e ~trl.!ngths of the apatite layer 
formed to the polymer substrates vary from almo~t 0 to 4 MPa, ckpending 
on the kind of the polymers [ 1 ), and increase by 2 to 5 times for PET, 
PMMA and Nylon 6 with the HCI [2] or NaOII treatment [3]. It should be 
noted, however, that both the HCl and NaOI I treatments were effective only 
for PET, PMMA and Nylon 6 but little for PESF, while no effect was 
observed for the induction period and the adhe~o,ive ~trength of polyethylene 
(PE) and poly(tetralluoroethylene) (PTFE). 
In the present chapter, polymer substrates were first subjected to the 
glow-discharge treatment in 0 .., ga.., atmosphere, and then to the same 
biomimetic process as that described in Chapter 2. The effect<) of the glow 
discharge treatment on the induction periods for the apatite nucleation and 
-87-
the adhe~ive strength of the apatite layer to the \Ub'-ltrates were investigated. 
2. Experimental 
2. 1. Preparation of polyrner sub.\trate 
Poly(dhylene terephthalate) (PET), poly(methyl methacrylate) 
(PMMA), poly- ether sulfone (PESF), polyamide 6 (Nylon 6), polyethylene 
(PE) and poly(tdrafluoroethylene) (PTFE) wen; prepared as the substrates 
by the '-lame method a'-1 that describt!d in St!ction 2.3. of Chapter 2 [1 ]. They 
were cut into rectangular specimens 10 mm x 15 mm x 1 mm in size and 
abraded with #400 diamond paste. 
) ? (;/rm -dl\clwrge treatment 
The '-lllbstrates wae subjected to the glow-discharge (GO) treatment 
in 0 2 gas (<J<J.<J<J<J<J%) atmosphere for 0 to 1~00 s. The GO treatment was 
carried out at a pressure of 30 Pa, under an electric field of 13.56 MHz at 
1 W/cm:! by using Plasma Polymerization System with Model BP-2 
(SAMCO Ltd., Kyoto, Japan). 
2.3. Swface ( 'lwracten:ation 
Binding energies of carbon and oxygen in the GO-treated for 30 s 
and untreated organic polymer substrates were measured by X-ray 
photoelectron spectroscopy (XPS) with an ESC A Model MT5500 
(ULVAC-PH I Co. Ltd., Chigasaki, Japan) under the same conditions as 
those described in Section 2.3. of Chapter 3. Measured binding energies 
were cnrn;cted by referring the binding energy of the C1s in CH2 group as 
2~4.6 eV. Overlapped peaks in XPS spectra were separated by the pattern 
-~~-
fitting method w .. ing the Gaussian profik for thL· indi\ idual peaks. 
2.·l Apatite Coating 
Glass particles named G of the nominal composition MgO -t-.6, CaO 
44.7, SiO:! 34.0, P:!O., 16.2 and CaF:! 0.5 wtcc, SBF with ion concentrations 
nearly equal to those of human blood plasma and an aqueous solution with 
ion concentrations 1.5 times those of SBI· ( I.)SBF) were prepared by the 
same method as those described in Section 2.1. and 2.2. of Chapter 2. 
The GO-treated substrates were sd in contact with the particles of 
gla~s G soaked in 30 ml of SBF at 36.5 oc for \ arious periods less than 12 
h, as '-lhown in Fig. 1 in Chapter 2. Then, the ...,ubstrak'-1 were soaked in 30 
ml of l.5SBF at 36.5 oc for 6 d. The 1.5SBI '-lolution "'as renewed e\er) 
2 d. Afkr these treatments, the substrall.: "'a..., "' ashed under a slow flow of 
distilled water, and dried at room temperature. 
2.5. Analysis of Apatite 
After the second treatment, the surfaces of the GO-treated substrates 
after the second treatment were analyzed by thin-film X-ray diffraction 
with RlNT-1400 (Rigaku Co., Tokyo, Japan) a11d Fourier transform infrared 
(FT -IR) spectroscopy with Model FT-IR 5M (Japan Spectroscopic Co. 
Ltd., Tokyo, Japan). Gold-palladium film was coated on the surface of the 
specimen~, and scanning electron microscopic images were observed with 
S-2500CX (Hitachi Co. Ltd., Tokyo, Japan). 
2. 6. Measurement of Adhesive Strength 
The organic polymer substrates on which the apatite layer of about 
10 {lm thick was formed by the first treatment for 12 h and the second 
treatment for 6 d were used as the test samples. The adhesive strength of 
-~<J-
thus formed apatite layer to the substrates was measured by the same 
method as that described in Section 2.o. of Chapter 2. 
2. 7. AFM Observation 
The PET particles 2 mm x 3 mm x 2 mm in size were put on the 
platinum plate and soften at 350 oc for a few minutes to form a smooth 
free surface, then quenched by dropping into distilled water. The PET 
substrates thus obtained were treated with GO in 0 2 gas atmosphere for 30 
s. The GO-treated and untreated PET substrates were subjected to the first 
treatment of the biomimetic process described above for various periods 
less than 24 h. After the treatment, the substrate was washed moderately 
with distilled water, and dried at room temperature. The surfaces of these 
PET substrates were observed with atomic force microscope with 
Nanoscope Ill (Digital Instruments Inc. U. S. A.) in tapping mode. 
3. Results 
3.1. XPS analysis 
The C1s and 01s XPS spectra of PET and PMMA treated with GD 
for 30 s and those untreated are shown in Figs. 1 and 2, respectively. The 
Cls peaks were resolved into five components with binding energies of 
2S4.6, 286.8, 287.8, 288.8 and 290.4 eV, which were attributed to carbons 
I I 
in -(Cl I ~)~~- , 1C00 or 1C-OH , >C=O or 0-<:(-0 groups, 0 - C=O or H-
I 11 
0-C=O and 0-C-0 groups, respectively [4, 5]. The latter four peaks 
increased with GO treatment. The 0 ls peaks were resolved into two 
components with binding energies of about 531 eV attributed to the oxygen 
in >C=O group, and of about 533 e V attributed to the oxygen in 1C-OH, 
-l)O-
I I 
C-0-C=O and H-0-C=O group. The latter peak increased with the GD 
treatment. These results indicate that the oxidized carbon groups increased 
in the surface region by the GO treatm~nl. For Nylon 6, similar changes in 
C1s and Ols peaks were observed as ~ho\\'n in Fig. 3, and it seems that the 
oxidized carbon groups also increa::-.ed with the GO treatment. Figure 4 
shows the C1s and Ols XPS spectra of GD-treated and untreated PESF. In 
this case, similar change was observed in Cls spectra by the GO treatment. 
The 01s peak was resolved into two components with binding energ ies of 
about 531 cV attributed to the oxygen in >S O-OH, -S0 2-0H or >C=O 
groups, and of about 533 e V attribukd to the oxygen in S-OH, 1C-OI I. 
I I 
C-0-C=O or H-0-C=O groups. The latter peak increased with GD 
treatment. In view of the result of C1 s peak, the increase in the intensity of 
533 e V peak is considered to be attributed to the increase in the amounts 
of the oxidized carbon groups. Even for PE and PTFE, similar changes in 
C1s and Ols peaks were also observed as shown in Figs. 5 and o, 
respectively. It seems that the oxidized carbon groups were formed in tht.! 
s urface region by the GD treatment. Table 1 lists the area ratio of the peaks 
of various polar groups separated by line-profile analys is in the XPS 
spectra of various kinds of GO-treated and untreated substrates. It is 
apparent from Table 1 that various kinds of oxidized carbon groups such 
0 
I I I 11 
as 1C-O or 1C-OH, >C=O or 0-C-0, O=C-0 or O=C-0 - H and 0-C-0 
I 
groups increased in the surface region of the examined organic polymers 
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Figurl! l. Cl~ and Ols XPS spectra of PET substrate treated and untreated 
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Figur~ 2. Cls and 0 l~ XPS spectra of PMMA substrate treated and 
untreated with GO in 0 2 gas atmosphere for 30 s. 
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Figure J. Cls and Ols XPS spectra of Nylon 6 substrate treated and 
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Figure 4. Cls and Ols XPS spectra of PESF substrate treated and untreated 
with GO in 0 2 gas atmosphere for 30 s. 
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Figure 5. Cls and Ols XPS spectra of PE substrate treated and untreated 





536 534 532 530 528 
Binding energy I eV 





294 292 290 288 286 284 
Binding energy I eV 
282 
Figure 6. C Is and Oh XPS spectra of PTFE substrate treated and untreated 
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Table 1. Area ratio of functional groups formed on the surface of various organic polymers treated and untreated with 
GD fo r 30 s. 
Cls 
Substratc Untreated GO- treated 
I 
H2C-CH2 -1C- O >C=O O=C- 0 0 F2C-CF2 F2C-CH2 H:C-CH: -1C-O >C=O 
I 
O=C- 0 0 F2C- CF2 FzC- CH 2 
or or or or or or or or 
I I 
0-C-0 O=C-0-H 0-C- 0 -1C-OH 0 - C-0 O=C-0-H 0-C-0 F2C-CHF -1C- OH F .. C- CHF 
PET 84 2 5 9 - - - 48 19 16 n · 4 
PMMA 82 .., 
·' 
10 15 - - - 62 19 9 9 
PESF 88 12 - - - - - 72 7 10 6 5 
Nylon 6 88 7 5 - - - - 75 12 11 2 
PE lOO - - - - - -
I 
79 3 6 8 4 
PTFE 25 - - - - 69 6 74 13 9 4 
Undetected 
Table 1. (Continued) 
Ols 
Substrate Untreated GD- treated 
I I 
>C=O -7C-OH, O=C-0-C 1SO-OH S-OH >C=O 1C-OH, O=C-0-C 1SO-OH S-OH 
or or or or 
I I 
O=C-0-H >S02-0H O=C-0-H >50 2-0H 
PET 61 39 - - 41 59 
PMMA 75 25 - - 37 63 
PESF - - 52 48 64 36 
Nylon 6 60 40 - - 30 70 
PE - - - - 37 63 
PTFE - - - - 62 38 
Undetected 
3.2. Apatite formation 
Figun;s 7 and H show thin-film X-ray diffraction patterns and FT -IR 
rdkction "P~ctra. r~ ... p~cti\cl). of th~ ... urfacc\ of the PESF substrates 
tr~at~d with GD for JO s, then ~UbJeCkd to the fir~t treatment for various 
period!-. and to the ~econd treatment for 6 d. Jl can be seen from Figs. 7 and 
H that th~ a carbonate-containing hydroxyapatite, i. e. bone-like apatite is 
formed on lht: sub~trate after the second treatment when the substrate is 
~ubjectt:d to the fir~! treatment for longer than 6 h. For the first treatment 
wa!-. k!-.~ than 3 h, the apatite wa!-. not detected on the surface of the 
Figure Y show!-. SEM photograph~ of the surfaces of the PESF 
~ubstrate" subjected to the same treatments described above. It can be seen 
I rom Fig. Y that the apatite is not formed on the substrates even after the 
\ecmHI treatment without the first treatment. With the first treatment longer 
than () h, a den~e and uniform apatik layer "'a" formed on the GD-treated 
PESF ~ub~trates. Therefore, the induction paiod for the apat ite nucleation, 
that i~ thc period of the first treatment required for the apatite nuclei to be 
formed in enough number to make the continuous layer after the second 
treatmcnt, i~ determined as 6 h. The induction periods thus measured were 
6 h for all the organic polymer substrates examined subjected to the GD 
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Figure 7. Thin-film XRD patterns of ~urfaces of GO-treated PESF 
substrates soaked in 1.5SBF fo r 6 d after soaking in SBF with 
glass G for various periods. 
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Figure 8. Fourier transform IR reflection spectra of surfaces of GD-treated 
PESF substrates soaked in 1.5SBF for 6 d after soaking in SBF 











































3.3. Adhesive strength 
Figure 10 shows the adhesive strengths of the bone-like apatite layer 
to various organic polymer substrates as a function of GO treatment time. 
It can be seen from Fig. 10 that all the polymer substrates examined 
showed an increase in the adhesive strength of the apatite layer to the 
substrates by GO treatment for a certain period and then a decrease with 
longer GO treatment. 
The maximum adhesive strength obtained for each of the examined 
polymer substrates by GO treatment and the time of GO treatment required 
for obtaining the maximum adhesive strength are summarized in Table 2, 
in comparison with the adhesive strengths for untreated substrates. It can 
be seen from Table 2 that the adhesive strengths of PET and PESF increase 
from about 4 to 10 MPa by GO treatment, and even those of PMMA, 
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Figure 10. Adhesive strengths of bone-like apatite layer to vanous 
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Table 2. Maximum adhesive strengths obtained for each polymer substrates by GD treatment and the times of GD 
treatment required for obtaining the maximum adhesive strengths, in comparison with the adhesive strength 
for untreated substrates. 
Substrate Adhesive strength of Maximum adhesive strength Time of GD Is 
untreated substrate I MPa obtained by GD I MPa 
PET 3.48 9.77 30 
PMMA 1.06 5.76 30 
PESF 4.40 9.55 300 
Nylon 6 0.63 7.03 30 
PE 1.93 7.51 30 
PTFE < 1.10 X 10 -2 2.14 30 
3.-1. , twmic I orce Microscopic Image 
Figures 11 (a) and (b) shov. the AI·M images of PET substrates 
treated and untreated with GO in 0 2 gas atmosphere for 30 s, respectively. 
A~o, ~hown in I· igs. 11, the surface of the PET was roughed by GD 
tr~atmenl. Figures 11 (c) and (d) show the AFM image of PET substrates 
treated ami untr~ated with glow discharge, then subjected to the first 
~oaking for 24 h, respectively. The apatite nuclei were formed sparsely on 
the untn;ated PET substrate, but formed much closely on the GO-treated 
PET sub!'..tratc. 
{a) (b ) 
Figure 11. Atomic force microscopic pictures of PET GO-treated (a) and 
untreated (b), and the apatite growing on them (c and d). 
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4. Discussion 
In the fir~t ~caking. gla~~ G di .... ~ol\ c.., cttkium ctnd silicat~ ions m to 
SBF [ 6 ). It is thought that th~ calctum io1h tncrcase the ionic activity 
product of th~ apatit~ in SBF at the gap between the gla~s particles and the 
substrate, and that the silicate ions diffuse and attach on the surface of the 
organic polymer substrates, where the silicate ion induc~s the apatite 
nucleation by a reaction similar to that occurring on the surfaces of 
bioactive Ca0-Si02-based glass [7-<.J]. Therefore, it is considered that the 
induction period for the apatite nucleation i .... closely related to the affinity 
of the silicate ions to the substrate. 
The induction periods for apatite nucleation on all the examined 
organ ic polymers of PET, PMMA, PESF, N) Ion 6, PE and PTFE were 
reduced from 24 to 6 h by GO treatment. This is attributed to high rate of 
the attachment of the hydrated silica to them. The appreciable increase in 
the number of the apatite nuclei on one of these polymers with GO 
treatment was clearly observed on the AFM picture (Fig. 11). The carbonyl, 
ester, carboxyl and hydroxyl groups were confirmed to be form ed on the 
surfaces of these polymers by the GD treatment (Sec Table 1 ). Therefore, 
it is considered that these highly polar group~ provide the favorable sites for 
the silicate ions to bond to the substratcs, and hence accelerate the apatite 
nucleation. A similar relation bet~ een the decrea~o,e in the induction period 
for the apatite nucleation and the increw .. c in the amount of polar groups 
was also observed for the polymer.., treated with II CI [2] or NaOH (3] 
aqueou~ solution. It should be noted, however, that both the HCl and NaOH 
treatments were effective only for PET, PMM/\, PESF and Nylon 6, but not 
for PE and PTFE, in increasing the amount~ of the polar groups and hence 
in dccrea~ing the induction period, whcrca~ the GO treatment was effective 
-11 <.J-
for all the examined polymers. In addition, the magnitude~ of the increase 
in the amount" of the polar groups and the d~crea~e in the induction period 
for the apatite nucleation by GO treatment \\ere considerably larger than 
those by HCl or NaOII treatment. e\ en for PET, PMMA, PESF and Nylon 
6. 
The adhesive strength of the apatite layer to the substrates was 
~ignificantly increased by the GD treatment for all the examined polymers. 
This increa~e i!-. well correlated \Vith the induction period reduction by the 
(ID treatment. Therefore it is attributed to the increases in the number of 
apatite nuclei a~ well a" to the increa...,e in their bonding <:;trength to the 
.... ub~trate. The polar group formed b) the GO-treatment could form a fairly 
~trong bond with 0 11 or Ca2+ ions in apatite. A similar relation between the 
increase in the adhe~ive strength and the incrt:ase in the amount of polar 
group~ \\'a" al...,o ob...,en t:d for the polymer' treated with HCI [2] or NaOH 
[J J aqueou' !-.Ollltlon. lt ...,hould be noted, hm' e\er, that both the NaOH and 
IIC'l trc;atmenh were again effective only for PET, PMMA, and Nylon 6 but 
not effective for PESF, PE and PTFE, in increasing the adhesive strength, 
whereas the GD treatment is effective for all the examined polymers. In 
addition, the magnitude of the increa~e in the adhesive strength by the GD 
treatment is con"iderabl) larger than that b) the HCI or NaOH treatment 
~\en for PI:T, PMMA and Nylon 6. 
When the polymers were suhjeckd to GD treatment for longer 
periods, all the polymers examined ~howed a decrease in the adhesive 
strength to the apatite layer. This might be attributed to 
breaking, tkgradation of the polymer chain' by the longer GO treatment and 
the resultant pull-out of entangkments among them during the adhesive 
strength mea~urement. This assumption is consistent with the observation 
that, in the adhc~ive strength measurement the fractu re occu rred not at the 
-120-
interface lK'I\\ L'en thL· apat11t? layer and lhL· ~ubqrate, hut within the surface 
layer of the ~ttb...,trate for the poly mer" treated "ith GD tor longer periods. 
Especially for N) Ion (), it is cons1dered that the hy drngen bond between the 
amide group~ "a.... broken by the longer GO treatment, and the 
cntangkmcnh among them \\ere ca .... d\ pulled out. 
The apatite layer formed by the l)fL'...,~nt biomimetic proce!-.s 1s very 
similar in its ~tructure and compo~ition, to the biologically active bone-lik.e 
apatite layer which i~ formed on the .... urfacc~ of bioacti\e ceramics in \'LI'O 
and is respon~ible for bonding to the ll\ ing bone [ l0-1~]. It has been 
shown that tht: degret: of bioacti\ ity of materials which i~ represented, for 
example, b) rate of formation of bone on the .... urface of the materials [14], 
is very closely rdated to the rate of formation of the biologically active 
bone-like apatite layer on their ~urface~ in l'il'O. lligher bioactivitie~ of 
Bioglass and gla...,~-ceramic A-W than that of ~interecl h) droxyapatite are 
attributed to higher rate of formation of the bone-like apatite layer on the 
~urfaces of the formers [14, 1 5]. In view of this fact, it is expected that the 
apatite layer formed by the present biomimctic proce~s could exhibit very 
high bioactivity. In addition, it i~ nott.:d that the apatite in the bone is 
intimately combinc;;d with some protein" ...,uch as collagen. In view of this 
fact, it is al!-.o expected that the bone-like apatite formed b; the present 
biomimetic process also could exhibit good biocompatibllity even with soft 
tissues consisting of organic substance~. Actually, it is already reported that 
poly-ether sulfone coated with the bone-like apatite layer by the present 
biomimctic proces..., "hawed good compatibility with the ..,oft tis~ue~ of 
trachea [16]. 
On the other hand, inorganic-organic compo...,ltes can show 
mechanical properties in wide rangt.: I rom that analogous to the soft tissues 
to that analogous to the hard tissues, depending on the volume ratio of the 
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inorganic sub\tanc~ to organic substanc~ and over all three dimensional 
"tructure of th~ composite [17]. Thi" indicaks that the apatite-organic 
polyma compo..,1te.., obtained by the prc'lent biomimetic process are 
expect~d to be high!) U!->eful as bone-repairing materials as well as soft-
tissue-repairing material!->. 
f'.iakamura and T. Yamamuro ".\patitc coated on organic polymers by 
biomimdic process: Improvement in its adhesion to substratc b\ HCI 
treatment", 1. /viae er. Scl· A1ater. Medicine:, in pres .... 
[3] M. Tanahashi, T. Yao, T. Kokubo, M. Minoda, T. M I) amoto, T. 
Nakamura and T. Yamamuro "Apatik coat~d on organic pol) mers b) 
biomimctic process: Improvement in its adht!sion to substrate by 
5. Conclusion NaOH treatment", J. Appl. Bionwter., 5, :rW-347 ( 1994). 
[ 4] D. T. Cl ark, B. J. Cromarty and /\. Dilh, "/\ theoretical investigation 
1\ glow discharge treatment formed considerable amounts of new of molecular core binding and rela'\ation energies in a series of 
polar groups such as carbonyl, ester, carboxyl and hydroxyl groups on the oxygen-containing organic molecules of interest in the study of 
surface of PET, PMMA, PESF, Nylon 6, PE and PTFE. These polar groups surface oxidation of polymers", J. Polym. Sci. Polym. Chem. Ed., 16, 
significantly enhanced the apatite nucleation on the polymer substrates and 3173-3184 (1978). 
increased the adhesive strength of the apatite layt!r to the organic polymer 
substratt!s. Among the surface treatments attt!mpted in the present study, the 
GD trt!almt!nl was most effectivt! for d~cr~asing the induction period and 
incr~asing tht! adhesive strength for all tht! polymt!rs examined. The present 
method is bdicvcd to give highly bioactive materials with various 
mechanical properties, which can be applied to soft tissue-repairing 
matt!rials as well as bone-repairing ones. 
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APATITE FORMATION ON ORGANIC POLYMERS 
BY A BIOMIMETIC PROCESS USING Na20-Si02 GLASSES 
AS NUCLEATING AGENTS 
1. Introduction 
It has been already confirmed for various kinds of bioactivc glasses 
and glass-ceramics that the prerequisite for them to bond to living bone is 
the formation of a biologically active carbonate-containing hydroxyapatite 
layer on them in the body [1, 2]. Our recent studies revealed that the 
mechanism for the formation of bone-like apatite layer on the surfaces of 
Ca0-Si02-based glasses and glass-ceramics is explained as follows [3-5]. 
The calcium ion dissolved from the glasses and glass-ceramics increases 
the ionic activity product of the apatite in the surrounding body fluid, which 
is already supersaturated with respect to the apatite, and the hydrated silica 
of the surfaces of the glasses and glass-ceramics provides favorable sites 
for the apatite nucleation. As a result, a large number of the apatite nuclei 
are formed on the surfaces of the glasses and glass-ceramics. Once the 
apatite nuclei are formed, they spontaneously grow consuming the calcium 
and phosphate ions from the surrounding fluid. 
On the basis of these findings, we have developed the following 
biomimetic method for forming bone-like apatite layer in desired thickness 
on any kind of organic polymer substrate at normal temperature and 
pressure. First a substrate is set in contact with the particles of bioactive 
Ca0-Si02-based glass soaked in a simulated body fluid (SBF) with ion 
concentrations nearly equal to those of human blood plasma so that calcium 
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ion di~~olv~d from th~ glass incr~ase~ th~ ionic activity product of apatite 
in th~ ... urrounding SBF and ..,ilicate ion di..,~olved from the glass adheres on 
the surfac~ of tht! ~ub ... trate to induc~ th~ apatite nucleation. Second the 
~ubstrate i~ ~oaked in another solution with ion concentrations 1.5 times 
thO\t..: of SBI (l.SSBI ) \O that the apatit~ nuclei formed in the firc;;t soaking 
grow in situ on the \Ub..,trate b) taking th~ phosphate and calcium ion~ from 
the ~olution [()]. Actually, when rectangular substratcs 10 mm x 15 mm x 
1 mm in ... iz~ and abraded with #400 diamond pa~le were subjected to the 
fir"t tr~atnh.: nt for 2-l h and then to th~ ... ~cond tr~..:atmcnt for 6 d, a dense 
and uniform layer of bone-like apatite were formed on the surfaces of 
variou~ kinds of organic polymer substrates [7]. According to the 
explanation describ~d abo\ e, it is con~idered that the other kind of glasses 
which di..,..,olv~ th~ ion able to increase th~ ionic activity product of apatite 
as well a~ ~ilicate ion can also induce the apatite nucleation on the organic 
polym~r \Ubstrates. 
In th~ present chapter, the Ca0-Si02-based glass in the biomimetic 
method (1\;~cribed in Chapter 2 was replaced by Na20-Si02 glasses, Si02 
glass and Si02 gel, and the induction pt..:riod for the apatite nucleation on 
\ ariou.., organic polymer substrates and the adhesiH; strength of the apatite 
layer to the ~ubstrate~ were investigated. 
2. Expcdmcntal 
2. 1. Preparation of Glass and Gel 
The compositional region in the ~)stem Na20-Si02 where glass can 
be formed by an ordinary melting technique was previously reported by F. 
C. K1 ac~..:k [H). Four kinds of glasses in the glass-forming region, which are 
-l2t-:-
given in Tabk 1, \\ere chosen for the present e\pcriment. The glasses with 
Na20 content higher than 40 mol% \\ere not u"ed, because of their IO\\ 
chemical durabilittes. Powder mixtures of compo~itions in Table 1 were 
prepared from r~agent grade ch~micals Na2CO , and Si02, put into a 50 ml 
platinum crucible and melted in a MoSi2 furnace for 2 h. I'he temperaturl.! 
for the melting v. a-, 1600 oc for Na1Si9 and Na2Si8, and !-lOO oc for 
Na3Si7 and Na4Si6 compositions, r~spcctivdy. The melts were poured onto 
a stainless steel plate and pressed into a gla"" plate. 
A high-purity silica glas~ (metallic impurit) < 0.5 ppm, 01 I 
concentration < ISO ppm), whtch had b~en S) nthesized by vapor axial 
deposition (V AD) of SiCI.J, was ~upplied by Sumitomo Mt..:tal Industries, 
Ltd (Tokyo, Japan). A silica gel was prepared b) the hydrol)~i~ and 
polycondensation of tetraethOX) si lane (TEOS) b) the following method [5]. 
First, 0.7 g of poly( ethylene glycol) having an average molecular weight of 
10000 was dissolved in 8.0 g of distilled water, and 0.81 g of concentrated 
nitric acid (62 wt%) was added. Then, 7.0 ml of TEOS was added to the 
above solution, tran~ferred to a pla~tic petri dish with its top tightly sealed, 
and kept at 40 °C in an air-circulating oven tor gelation. After it was ag~d 
for 18 h, the obtained wet gel was immer~ed in an equivolum~ mixtur~ of 
disti lled water and ethanol to remove the organic polymer phase. After 6 
h, the wet gel was immersed in I mol/dm3 nitric acid for 2 h and dried at 
40 °C for 4 cl. The dried gel ""a" heated to -lOO oc at a rate of 100 °C/ h, 
and held at 400 °C for 2 h, then allov. ed to cool to room temp~rature. 
Thus prepared glasses and gel were cru~ht..:d by a laboratory planetary 
type zirconia ball mill, and sieved for obtaining only the grainc; 150 to 300 
pm 10 SIZe. 
-l2Y-



















The simulated body fluid (SBF) with ion concentrations nearly equal 
to those of human blood plasma [9] as the medium for apatite nucleation, 
and an aqueous solution with ion concentrations 1.5 times those of SBF 
(1.5SBF) as the medium for apatite growth were prepared by method 
described in Sections 2.1. and 2.2. of Chapter 2. 
2.3. Apatite Coating 
A rectangular specimens 10 mm x 15 mm x 1 mm of the poly-ether 
sulfone (PESF), poly(ethylene tcrephthalate) (PET), poly(methyl 
methacrylate) (PMMA), polyamide 6 (Nylon 6), polyethylene (PE) and 
poly(tctrafluoroethylene) (PTFE) were first placed on 1.5 g of particles of 
Na20-Si02 glasses, SiO:? glass or Si02 gel which were soaked in 30 ml of 
SBF at 36.5 oc, respectively in different polystyrene bottles 35 mm<t> and 
70 mm high, as shown in Fig. 1 of Chapter 2 for various periods up to 168 
h, for forming the apatite nuclei on the surface of the substrate apposed to 
the glass particles. Then, the substrate was soaked in 30 ml of 1.5SBF at 
36.5 oc in the polystyrene bottle for 6 cl for making the apatite nuclei grow 
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on the surface of the substrate in situ. The l.SSBF solution was renewed 
every 2 d. After the second treatment, the substratc was washed moderately 
with distilled water, and dried at room temperature. 
2.-1. Analysis of Apatite 
The surfaces of the substrates after the second treatment were 
analyzed with a thin-film X-ray diffraction, Fourier-transform infrared 
(FT -IR) reflection spectroscopy and a scanning electron micrography 
(SEM). The former two techniques enabk u~ to cktect only thin layer about 
1 j-lm thick at the surface. In the X-ray diffraction, a thin-film attachment, 
Rigaku 2651 AI, (Rigaku Co., Tokyo, Japan) was used and the glancing 
angle of the specimen was fixed at 1 o against the incident beam. The 
infrared spectroscopy was performed by using a spcctrometer, ~T - IR 5M 
(Japan Spectroscopic Co. Ltd., Tokyo, Japan) vvith the reflection angle of 
75°. In the scanning electron micrography, the specimen was coated with 
gold-palladium film and observed unckr an ekctron microscope, I I itachi 
S-2500CX (Hitachi Co., Ltd., Tokyo, Japan). 
2.5. Meas·urenzent of Adhesive Strength 
The organic polymer substratcs on which the apatite layer of about 
10 f-l111 thick w~re used as the test sample~. The adhesive strength of thus 
formed apatite layer to the substrates wa~ m~a~ur~d by the same method as 
that described in Section 2.6. of Chapter 2. 
2.6. Mea.<.wrement of element concentrations 
In order to study the mechanism of the apatite formation, the changes 
m the concentrations of sodium and ~ilicon in 30 m! of SBF with the 
immersion of 1.5 g of the Na20-Si02 gla~~t;S, Si02 glass or Si02 gel 
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particle~ 150 to 300 ~~m in size were measured by inductively coupled 
plasma (ICP) emis..,ton <.,pectroscop) (Seiko Instruments Inc. SPS1500, 
Osaka, Japan). Change in the pH of the fluid \\'a~ also measured. 
3. Results 
3.1. Apatite j(Hmation 
Figure ... 1 (a) and (b) sho'A thin-film X-ray di [fraction patterns and 
FT -IR reflection spectra of the surface~ of the PESf- substrates which were 
sd in contact with NalSiY glass in SBF for different periods and then 
soaked in 1.5SBF for 6 d. Figure 2 shows SEM photographs of the same 
surface .... It can be seen from Figs. 1 and 2 that a dense and uniform layer 
of carbonate-containing hydroxyapatite with a small crystallite and/or 
defective structure, similar to the apatite in the natural bone, is fo rmed on 
the PESF substrates b) the biomimetic method using even the Na20-Si02 
glass, similarly to the Ca0-Si02-based glass [7]. In this case too, formation 
of the apatite layer after the second treatment largely depends on the period 
of the time for the first treatment. When the first treatment was omitted, no 
apatite wa..., formed even after the second treatment for 6 d. The apatite was 
formed only sparsely on the substrate subjected to the first treatment for 
period~ shorter than ~g h, and in a continuous layer only on the substrate 
subjected to the first treatment for longer than 96 h. This indicates that the 
number of the apatite nuclei formed on the substrate increases with 
increasing period of time for the first treatment. IIcrc, the time of the fi rst 
treatment required for forming enough number of the apatite nuclei to make 
the continuous layer after the second treatment is tentatively defined as the 
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Figure l(a). Thin-film XRD patterns of the surfaces of the PESF 
substrates soaked in 1.5SBF for 6 d after soaking in SBF 
with Na1Si9 glass for different periods. 
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FT - IR reflection spectra of the surfaces of the PESF 
substrates soaked in l.SSBF for 6 d after soaking in SBF 



















is 96 h in this case. 
Figurl!~ 3(a) and (b) and Fig. 4 show thin-film X-ray diffraction 
patterns, FT IR reflection spectra and SEM photographs, respectively, of 
the surface~ of the PESF substrates which were set in contact with Na2Si8 
glass in SBF for differl!nt periods and then soaked in 1.5SBF for 6 d. It can 
be seen from Figs. 3 and 4 that the continuous apatite layer is formed by 
the first treatment for a shorter period of 4~ h. The apatite formed on the 
~ubstrate became again sparse when the first treatment was prolonged 
longer than 16~ h. Figure 5 shows thin-film X-ray diffraction patterns (a) 
and FT-IR reflection spectra (b) of the surfaces of the PESF substrates 
subjected to the same treatments as those described above but using Na3Si7 
glass. Figure 6 shows SEM photographs of the same surfaces. It can be 
~e::en from Figs. 5 and 6 that the induction periods for the apatite nucleation 
in this case is 1.5 h. When the substrate was subjected to the first treatment 
for longer periods, other substance wa.., formed on the substrate. This 
~ubstance 'v\ a" identified to be silica by dectron probe X-ray microanalysis. 
In the case of Na4Si6 glass, similar phenomena were observed and the 
induction period for the apatite nucleation was 0.5 h. Figures 7(a) and (b) 
and S !-.hm' thin-film X-ray diffraction patterns, FT -IR reflection spectra 
and SEM photograph!-. of the surfaces of the PESF substrates subjected to 
the first treatment using the Na20-frce silica gel for different periods, and 
then to the second treatment for 6 d. Even in this case, when the substrate 
was subjected to the first treatment for longer periods than 96 h, the apatite 
was sparsely formed on the substratc. When the silica glass was used 
instead of the silica gd, however, no apatite was formed on PESF substrate 
after the second treatment even when it was subjected to the first treatment 
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Figure 3(a). Thin-film XRD patterns of the surfaces of the PESF 
substrates soaked in 1.5SBF for 6 cl after soaking in SBF 
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Figure 3(b ). FT -IR reflection spectra of the surfaces of the PESF 
\llb~trate~ soaked in 1.5SBF for 6 d after soaking in SBF 
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Figure 5(a). Thin-film XRD patterns of the surfaces of the PESF 
substrates soaked in 1.5SBF for 6 d after soaking in SBF 
with Na3Si7 glass for different periods. 
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Figure 5 (b). FT- I R reflection spectra of the surfaces of the PES F 
substrates soaked in 1.5SBF for 6 d after soaking in SBF 
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Figure 7(a). Thin-film XRD patterns of the surfaces of the PESF 
substrates soaked in 1.5SBF for 6 d after soaking in SBF 
with Si02 gel fo r different periods. 
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Figure 7(b ). FT -IR reflection spectra of the surfaces of the PESF 
substrates soaked in l.SSBF for 6 d after soaking in SBF 
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3.2. Adhesive strength 
An apatite layer about 10 ttm thick was formed on PESF substrates 
by w~ing different Na.,O-Si02 glasses in the first treatment. The periods for 
the first treatment were 0.5, 1.5, 48 and ()6 h fo r Na4Si6, Na3Si7, Na2Si8 
and Nal Si() glasses, re..,pectively. Those for the second treatments were 10 
days for Na4Si6 and Na3Si7, and 6 days for Na2Si8 and Na1Si9 glasses. 
The adhesive strengths o f apatite layer formed to the s ubstrate are shown 
in Fig. () as a function o f the Na20 content of the glasses. It can be seen 
from Fig. () that the adhesive strength increases from 1.5 to 6.8 MPa with 
tncreasing Na20 content from 10 to 30 mol% and then decreases down to 
2.] MPa at Na.,O content of 40 mol %. 
The adhesive strengths of the apatite layers similarly formed on 
various polymer substrates by using Na3S i7 g lass in the first treatment are 
shown in Table 3 in comparison wi th those of the apatite layer formed by 
w.ing a CaO-SiO~-bascd glass, i. e. MgO 4.6, CaO 44.7, Si02 34.0, P20 5 
16.2 and CaF2 0.5 wt% glass G, in the fi rst treatment, which was described 
in Chapter 2. lt can be seen from Table 3 that the adhesive strength 
increases from 3.5 to 5.4, from 1.1 to 1.6, from 4.4 to 6.8 and from 0.6 to 
2.() MPa for PET, PMMA, PESF and Nylon 6, respectively, but does not 
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Figure 9. Adhesive strength of the apatite layer to the PESF substrates as 
a function of Na20 content of Na20 -Si0 2 glasses used in the first 
treatment. 
Table 3. Adhesive strengths of apatite layer formed on various organic 
polymer substrates by using Na3S i7 glass in comparison with 
those formed by using glass G. 
Adhesive strength I MPa 
Substrate Na3Si7 glass Glass G 
PET 5.37 [0.13) 3.48 [0.14) 
PMMA 1.63 [0.15] 1.06 [0.17] 
PESF 6.80 [3.28) 4.40 [0.28) 
Nylon 6 2.() 1 [0.46] 0.63 [0.02) 
PE l. 72 [ (). 1 5 ] 1.93 [0.23] 
PTFE 1.l x l0 2 1.1 x Hr 2 
[ ] Standard deviation 
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3.3. Element concentration changes 
Figures 10, 11 and 12 show the changes in concentrations of the 
sodium, ~il1con and pH value of the.! SBF, respectively, due to the 
immersion of Na4Sio, Na3Si7, Na2Si~, Na l Si SI glasses, silica gel and silica 
glass. Those due to the immersion of glass G are also shown in these 
figures for comparison. It can be seen from Figs. 10, 11 and 12 that Na4Si6 
and Na3Si7 glasses dissolve the sodium as large as 600 mM and silicon in 
larger amount than 10 mM, to increase pi l value to about 12, within 48 h. 
Na2Si8 and Na1Si9 glasses also dissolve the sodium and silicon, but their 
dissolution rates are very smaJl, i. e. the sodium less than 200 mM and the 
silicon less than 4 mM even after 168 h. Consequently, the increases in pH 
are also relatively small, i. e. pH less than 11 even after 168 h. The silica 
gel also dissolves about 2 mM of the silicon, but the silica glass only 0.1 
mM of the silicon even after 168 h. It has been previously reported that 
glass G dissolves appreciable amounts of the calcium and silicon [10]. The 
results 10 hgs. 11 and 12 are consistent with the result previously reported. 
4. Discussion 
lt was shown in the experiments described above that the induction 
paiod tor the apatite nucleation on the PI:SF substrate is 0.5, 1.5, -l8 and 
Sl6 h for Na-+Si6, Na3Si7, Na2Si8 and NalSiSl glasses which were used in 
the fi rst treatment. This is explained as follows. These glasses dissolve both 
the sodium and silicate ions into the SBF as shown in Figs. 10 and 11. The 
!-~Odium ion increases the ionic acti\ it) product of the apatite in the 
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Figure 10. Change in Na concentration of SBF due to immersion of 
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Figure 12. Change in pH of SBF due to immersion of Na20-Si02 glasses, 
Si02 gel and Si02 glass as a function of soaking time. 
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formation i~o, represented by the following equation. 
(1) 
And the ~:.,ilicate ion attaches on the surface of the substrate to induce the 
apatite nucleation, similarly in the case of Ca0-Si02-based glass [4]. 
Consequently, the rate of the apatite nucleation on the substrate decreases 
with decreasing dissolution rates of these ions from the glasses, and hence 
thc induction period for the apatite nucleation incrca-;es. According to Figs. 
1 o and 11, the rate of the dissolution of the sodium and silicate ions 
decrea"'es in the order of Na4Si6<Na3Si7<Na2Si!:kNa 1 Si9. Therefore, the 
induction period for the apatite nucleation increases in this order, as 
dc.'-cribcd above. In the previous study, the induction period for the apatite 
nucleation on the Pl:SF substrate wa~ shown to be 2-l h when glass G was 
used in the fir~t tn.:atmcnt [7]. This value i:-. smaller than that for Na2Si8 
glass, i. c. -+~ h, although the raks of dissolution of Si and of increase in 
pll for the former are lower than those for Na2Si8 glass (Figs. 11 and 12). 
This is attributed to the dissolution of the calcium ion for the former, which 
can increase the ionic activity product of the apatite not only by increasing 
pi I but also by the presence of itself. 
1 krt.:, it should bl..! noted that even when the pure silica gel was used 
in the rirsl treatment. the apatite was formed on the PESF substrate after the 
second trl..!atmcnt, although it was onl) sparsely. The si lica gel dissolves a 
certain amount of the silicate ion, as shown in Fig. 11. This clearly shows 
that the "ilicate ion can induce the apatite nucleation on the substrates, but 
is not d fecit\ e enough for forming the continuous apatite layer after the 
second trl..!atmcnt. The sodium or calcium ion is required in addition to the 
silicate ion for forming enough number of the apatite nuclei in the first 
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treatment to make a continuou:-. layer by their growth in the second 
treatment. The "ilica glass dis ..... ol\ c.., on I\· .1 ... Itght amount of th~ silicate ion 
.... . ._ 
(l ig. 11 ), and hence apatite formation "a" not ohsen ed on PESF substrate 
when the .... ilica gla:-.:-. was used 111 the llr"t treatment. When the first 
treatment U\ing Na-+Si6 or NaJSi7 glas:-. '' c~s done for a longer period than 
0.5 or 1.5 h, respectively, only a silica la) er v. as formed on the substrate 
aftc.r the second treatment. This might be attributed to the deposition of a 
silica gel layer peeled off from the surface:-. of the Na-+Si6 and Na3Si7 
glasses. Thc-;e glasses dissolve a large amount of thc sodium ions rapidly. 
A<:-. a result, a thick silica gel lay~r is formed r apidl; on their surfaces and 
a part of it might he peeled off and depo .... ikd on the suh-;trate to cover the 
apatite nuclei early formed. Therefore, the apatill! nuclei can not grov. in 
the second treatment. 
The adhesi\.e strength of the apatrte layer to the PESF substrak 
increased with increasing Na:!O content of lhL' Na.,O-Si02 glasses up to 30 
mol% which '"'ere used in the first treatment. J'he magnitude of the 
mcrease in the adhesive strength is well correlated wi th the that of lhe 
mcrcase in pii value of the SBF due to the immersion of the Na20-Si02 
glasses (Fig. 12). It was previously shown that thc sulfonyl groups on the 
surfaces of the PESF substrates are hydro!) zed to higher polar group such 
a~:., sulfonic acid in an alkali en\. ironmcnt ami form a fairly strong bond with 
the apatite [ 11 ]. In view of this fact, the higher ad he~:., ion for the glasses 
with higher Na:!O contents are attributed to formation of larger amount of 
the polar group at the surface of the \Ubstrate due to larger increase in pH 
of the surrounding fluid. The Na20 -Si0 glass with 40 mol% Na20, 
however, gavc a low adhesive strength. !'his might be attributed to the 
hydrolysis of polymer chains near the surface of the polymer substrate by 
the excessive hydrolysis in a high pi I environment. Consequently, the 
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\urfacl! layer of the polymer \Ub\tratc..: '"a\ peeled off during the 
nH.!a\u rement of the adhesive strength. 
The adhcsive ~trength of the apatitc layer increased again~t PET, 
PMMA, Pl:SF and N) Ion 6 \ub ... trak but did not change against PE and 
P rFI · "ub,tratc" by replacing gla.;,s G with '\la3Si7 glass in the first 
treatmcnt . It ha\ bccn alrcad) confirmed that cster group in PET and 
PMM/\, the amidc group in Nylon 6 and sulfonyl group in PESF are 
hydrolyzcd to the highcr polar groups such as the carboxyl and sulfonic 
acid groups in an alkali solution [11]. On the other hand, PE and PTFE 
havc no polar groups to bc h) drolyzed. Thcrefore, the higher adhesive 
"trengths for the former four kinds of pol) mer substrates may be also 
attrihutcd to the formation of polar group~ on thcir surfaces in the solution 
increased in pl l by thc \Odium dissolution from the glass. 
5. Conclusion 
In the previous chapters, it has bcen stated that a dense and uniform 
bone-like apatite layer can be formed in arbitrary thickness on any kind 
and shape of solid substanct: by the folio\\ ing biomimetic method at normal 
tt:mperature and prt:ssure: hrst, a sub~trate is set in contact with particles 
of CaO-SiO~-bascd ght\s soaked in a simulated body fluid (SBF) with ion 
concentrations nearly equal to those of human blood plasma. Second, the 
sub ... trak is soakt:d in another solution highl) ~upersaturated with respect to 
the apatite. In the present chapter, the Ca0-Si0 2-based glass as the 
nucleating agent \\a" replaced b) Na~O-SiO glasses, Si02 glass and Si02 
gel. The induction period~ for the apatite nuckation on polyethcrsulfone 
substratcs were x, a littk longer than 16~. Y6, -+~, 1.5 and 0.5 h for Si02 
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gla~s. SiO~ geL Na~O 1 O·SiO~ YO, l"a~O 20·Si0~ ~0, Na:!O 30·Si02 70 and 
Na20 40·Si0~ ()() mol% glm.~e~. re-,pccti\ dy, wherea~ 2-+ h for MgO 
-+.6·Ca0 -+4. 7·Si0~ 3-t.O· P ~0, I ().2·Cal·:: 0.5 \\'t% gla~~ G. The short 
induction period for the gla~~c" with high Na~O content~ j.., attributed to 
.... -
high dissolution rates of sodium and "tllCdh: ions from thcm. The adhesi\ c 
strengths of the formed apatite layer tu the PEr, PMMA. PESF and N) Ion 
6 were 5.37, 1.63, 6.~0 and 2.Y I MPa for Na~O 30·Si0:! 70 mol% glass, 
whereas 3.4~, 1.06, 4.40 and 0.()3 MPa for glass G. It is considered that 
highly polar carbo'\yl or sulfonic acid groups were formed on the polymer 
surfaces b) the hydro!) si~ of their c"tcr. amide or sulfort) I group in SBI· 
considerabl) increa~ed in its pi I by the Na di~solution from the glass, and 
that these polar groups formed a fair!) "trong bond with the apatite. Thus 
formed apatitc-organic polymer composite~ art: t:xpectecl to be useful as the 
bone-repairing materials as ''ell a~ soft tissue-repairing ones. 
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CHAPTER 7. 
ULTRASTRUCTURAL STUDY OF APATITE LAYER FORMED 
BY A BIOMIMETIC PROCESS AND ITS BONDING TO BONE 
1. Introduction 
It was shown in the prcv10u~ chapters that a dense and uniform 
bone-like apatite layer in desired thickne~~ can be formed on any kind of 
organic polymer ~ubstrate at normal temperature and prc\.\Ure e\en in l'itro 
by the biomimdic process using CaO-SiO~, or Na20-Si02 gla~..,e~ a~ 
nucleating agent (1-2]. 
The adhesive strength of apatite layer formed to the ~ub~trales 
increases up to 10 MP a at maximum by a pretreatment of the substrate~ 
with 0 2 gas glow discharge (GO) [3-5]. Thus prepared apatit~-coated 
organic polymer fibers are expected to exhibit mechanical propcrtie\ 
analogous to those of the natural bone not only in its mechanical ~I rcngth, 
but also in its fracture toughness and clastic moduli, i r they could be 
fabricated into three dimensional ~tructure analogous to tho~e of the natural 
bone. 
In the study of this chapter, the structure of the apatite layer formed 
on an organic polymer by the biornimetic process and of its interface to 
living bone after implantation into rat were investigated by mean~ of 
scanning and transmission electron microscopies. 
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2. Experimental 
2.1. Preparation of .s·ubstrate 
Poly-ether sulfone (PESF) supplied by ICI. PLC (England) was 
formed into a plate by extrusion method. This plate was cut into a 
rectangular piece of 10 mm x 15 mm x 1 mm and abraded with #400 
diamond pad on both sides. The PESF substrate was subjected to GD 
treatment in 0 2 gas (99.9999%) atmosphere for 300 s to increase the 
affinity with the apatite [5]. The GD treatment was carried out at a pressure 
of 30 Pa, under an electric field of 13.56 MHz at 1 W/cm2 by using Plasma 
Polymerization System, Model BP-2 (SAMCO Ltd., Kyoto, Japan). 
2.2. Apatite coating 
Glass particles named G of the nominal composition MgO 4.6, CaO 
44.7, Si02 34.0, P20 5 16.2 and CaF2 0.5 wt%, simulated body fluid (SBF) 
with ion concentrations nearly equal to those of human blood plasma and 
an aqueous solution with ion concentrations 1.5 times those of SBF 
(1.5SBF) were prepared by same methods as those described in section 2.1. 
and 2.2. of Chapter 2. 
The GO-treated PESF substrate was first embedded in the particles 
of glass G soaked in 30 ml of SBF at 36.5 oc for 24 h as shown in Fig. 1. 
Th~n, the substrate was soaked in 30 ml of 1.5SBF at 36.5 oc for 12 d. The 
solution of l.5SBF was renewed every 2 d. As a result, an apatite layer 
about 20 f£111 thick was formed on the substrate. Thus treated substrate was 
gently washed with distilled water, and dried at room temperature. 
2.3. lrnplantation into living bone 
The PESF substrate coated with the bone-like apatite was 
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Growth of apatik 
Figure 1. A biomimetic process for forming the bone-like apatit~ lay~r on 
PESF substrate. 
conventionally sterilized with ethylene oxide gas, and 1 week lakr it was 
implanted into metaphyses of tibiae of a mature male rabbit w~ighing 
between 3.0 and 3.5 kg. The rabbit was anesthetized by intrav~nous 
injection of Nembutal (50 mg!kg) and local administration of 0.25 % 
Xylocaine. The operations were performed under standard aseptic 
conditions. 
A 3 cm skin incision was made on the anteromedial aspect of the 
tibial metaphyses of the rabbit, and the skin, muscle and periost~um w~re 
retracted. Using a dental burr and saline coolant, a 15 mm hole was made 
parallel to the longitudinal axis of the tibial metaphyses. The hole was 
irrigated with saline before the PESF coated with the apatite was implant~d. 
The muscle and skin were closed in layers. 
2. 4. Observation by electron microscope 
The rabbit was killed 8 weeks after the operation. All the segments 
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of the tibiae containing PESF coated with the apatite were exci~ed and 
fixed in 10 % pho~phate-buffered formalin '-.olution for hi~tologic 
proce'-.">tng ~ample' \H~re dehydrated in '-.cri<d dhanol concentration~ and 
embedded in polye~ter re~in. Thin -.ection~ were cut b) a milling machine 
with a diamond disc (Maruto Ltd., Tokyo, Japan). Several cross sections at 
two thickne~~, 0.5 and 3 mm, were prepared using a band saw. 
The ~urfaces of the 3 mm sections wen; polished with a diamond 
pa'-.k and coated with a thin layer of carbon. They were then observed 
under ~canning electron microscope (SEM) wtth Model S-2500CX (llitachi 
Co. I .tel., I'okyo, Japan) and analyzcd u~ing an energy-di~per'-.ive electron 
probe X ray microanalyzer (EDX) with Model l:MAX-3700 (Horiba Co. 
Ltd., Tok) o, Japan). Elemental analy~es of Ca, P and S were performed 
acro\"> the PI ·S I·-apatitc-bone interface. The accelerating \ oltage ~as 20 
kV. 
'I he 0.5 mm ~ections were ground on a grinding machine with a 
diamond lap disc to about 30 pm. The~e 30 Jlm sections were then 
embedded in epoxy resin. Ultrathin sections were cut with a diamond knife 
and stained with uranyl acetate and lead cilrate or with uranyl acetate only. 
When the re~in was cut to 30 pm thick, the apatite layer was separated from 
PI~SF sub~trate. The stained sections which contain the interface of apatite-
bone \\ele ob~er\ ed under a transmis~ion electron microscope (TEM) \\'ith 
Modd .II·M-2000FXIIl (JEOL LTD. o~aka, Japan). The electron diffraction 
\\a.., performed for both the apatite layer and the bone. The electron 
diffraction patterns were indexed by comparing their d-spacings with 
calculated \ alue.., for ~ame planes of the hydro'\yapatite (CaiCJ(PO<l)c,(OH)::!) 
con'-.i~ting of a hexagonal unit cell with cdl dimensions a0=b0=0.9-D2 nm 
and c0=0.6Hg 1 nm [ 6]. 
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3. Results 
Figures 2(a) and (b) ~hO\\ St M-l· [)).. picture of the interface of 
PESF-apatite-bone 8 weeks after unplantation and SEM photograph of the 
interface apatite-bone under a higher magnification, respectively. It can be 
seen from Figs. 2(a) and (b) that the apatite layer synthesized by the 
biomimetic process is remained on PESF substrate and is continuously 
bonded to the living bone without intervening layer. 
Figure 3 shows TEM photograph of the interface of the apatite layer 
to the bone. It can be seen from Fig. 3 that the apatite layer consists of very 
tiny crystals whereas the bone is composed of larger fibrous cry~tals and 
that they meet directly. Their interface is not di~tinct. 
Figures. 4 (a) and (b) show electron diffraction patterns at the ~pots 
in the apatite layer and in the bone, which are ~hO\\ n as asterisks in Fig. 3. 
It can be seen from these electron diffraction patterns that both the phase~ 
can be identified as the apatite. The interplanar spacings of 2 2 2, 2 1 1 and 
0 0 2 reflections for the apatite in the apatite layer were 1.943, 2.~14 and 
3.440 nm, respectively, whereas those for the apa ti te in the bone were 
1.940, 2.811 and 3.440 nm, respectively. This indicates that the apatite in 
the synthesized apatite layer is very similar to that in the bone in its 
structure. 
4. Discussion 
Surface-active ceramics have been reported to bond to the bone 
chemically through the bone-like apatite layer formed on their surfaces in 


















Figure 2. SEM-EDX picture of the interfaces of PESF-apatite layer-bone 8 weeks after implantation (a) and SEM 
photograph of the interface of apatite layer-bone under a higher magnification (b). Ap: Apatite layer 
Figure 3. TEM photograph of the interface of the apatite layer to the bone 8 weeks after implantation. 
















































































of fine apatite crystals having similar structure to the apatite in the bone. 
The apatite layers synthesized by the present biomimetic process have been 
assumed to be analogous to the bone-like apatite layer formed in viPO. This 
was proved by the present TEM observation. It was also shown in the 
present studies that the apatite layer synthesiLed by the biomimetic process 
remains in the living body and bond to living bone directly. Therefore, the 
apatite-organic polymer composites obtained by the present biomimetic 
process are expected to be promising as bone-repairing materials, because 
they could exhibit mechanical properties analogous to those of natural bone 
as well as high bioactivity, if they can be fabricated into three dimensional 
structure analogous to that of the natural bone . 
5. Conclusion 
A dense and uniform apatite layer of about 20 pm thick was formt!d 
on a poly-ether sulfone (PESF) substrate treated with glow discharge in 0 2 
gas by a biomimetic process. The apatite-polymer composite obtained was 
implanted into a rabbit tibia and structure of interface of PESF- apatilc-
bone was observed under a scanning electron microscope and transmission 
electron microscope 8 weeks after implantation. The apatite layer formed 
by the biomimetic process was confirmed to consist of smal l crystals of the 
apatite with a structure similar to that of the apatite in the bone. The apatite 
layer remained on the substrate in the body, and bonded to the apatite in 
the bone directly. Therefore, this type of apatite-organic polymer 
composites are promising as the bone-repairing materials. 
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The present thesis has de~cribcd the stud) of tht! apatite formation on 
organic polymers by a biomimctic prm.'l.:~s The con!l.!nts of the respectivl.! 
chapters are summarized as follows: 
In Chapter 2, it was shown that a dense and uniform bone-like 
apatite layer could be formed on all of the organic polymers examined such 
as poly( ethylene terephthalate) (PEr), poly(methyl methacrylate) (PMMA), 
polyamide 6 (Nylon 6), poly-ethcr..,ulfonl.! (Pf:SF), polyethylene (PE), 
poly(tctraOuoroeth) le ne) (PTFE) and pol) (\ tnyl alcohol) hydrogel (PY A-H) 
in various forms including fabric.., of fin~.: ftbt.:r.., by the biomimetic process 
using a CaO-SiO:! glass as a nucleating agcnl. I'hc induction periods for the 
apatite nucleation were found to be almost 2.f h for most of the examined 
organic polymers. The adhesive strengths or the apatite layer formed to the 
polymer substratcs, however, largely varied with the kind of the polymers, 
i. c. 3 to 4 MPa for PET, PESF and PV A- 11, whereas less than 1 MPa for 
PMMA, Nylon 6, PE and PTFE. 
In Chapter 3, it was found by applying the same biomimetic process 
to the same polymers but previously treated with 1 M-HC'I aqueous solution 
that the HCI treatment reduced the induction periods for the apatite 
nucleation down to 12 h for PET, PMMA, Nylon 6 and PESF, and 
increased the adhesive strengths of the apatite layer to the substrates up to 
6 MPa for PET, PMMA, Nylon 6. On the ba-,is of X-ray photoelectron 
spectroscopy(XPS), the reduction in the induction period for the apatite 
nucleation and the increase in the adhe~ivc strength of the apatite layer by 
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the HCl treatment were attributed to the formation of polar carboxyl groups 
on the surface of the pol) mers by the HCl treatment. 
In Chapter 4, it was shown by applying the same biomimetic process 
to the same pol) mers but previously treated with SM-NaOH aqueous 
solution that the NaOH treatment reduced the induction periods for the 
apatite nucleation down to 12 h for PET, PMMA, Nylon 6 and PESF, and 
increased the adhesive strengths of the apatite layer to the substrates up to 
0 MPa at maximum for PET, PMMA and Nylon 6. On the basis of XPS, 
such larger effects of the NaOH treatment were atlributed to the formation 
of the polar carboxyl groups in larger amounts on the surface of the 
polymers by the NaOI I treatment. 
In Chapter 5, it was found by appl) ing the same biomimetic process 
to the polymers pre-treated with the glow -di">chargc (GD) in 0 2 gas 
atmosphere that the GD treatment not only reduced the induction periods 
for the apatite nucleation down to 6 h for all the examined polymers, but 
also increased the adhesive strengths of the apatite layer to the substrates 
up to 10 MJ>a at maximum for all the examined polymers. On the basis of 
X PS, such remarkable effects of the GO treatment were attributed to the 
effective formation of polar groups such as carbonyl, ester, carboxyl and 
hydroxyl groups on the polymer surfaces by the GO treatment. These polar 
groups might combine with the silicate ion dissolved from the Ca0-Si02 
glass particle"> to accderate the apatite nucleation on the polymer substrates, 
and al">o combine with the calcium or h) droxyl ion of the apatite to 
tncrease the adhesi\ e strength of tht! apatite layl.!r to the polymer substrates. 
In Chapter 6, it was shown by applying the biomimetic process where 
the CaO-SiO~ gla">s was replaced with Na~O-SiO~ glasses to PESF that the 
Na20-Si0~ glasses reduced the induction periods for the apatite nucleation 
on the PESF substratl.! down to 30 min at minimum, and increased the 
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adhesi\c strengths of the apatite la\ er to the -.ubstrate up to 7 MP a at 
maximum. Both the reduction in the induction period for the apatite 
nuckation and the increase in the adhe">t\ ~ -.trength of the apatite layer 
w~re attributed to the formation of tilL' polar -.ulfonic acid group on the 
surface of PESF due to the dissolution of Na ion from the glasses. 
In Chapter 7, it was shown by obsen ing PESF coated with apatite 
layer by the present biomimetic proc~ss and implanted into rabbit tibia with 
scanning electron and transmission electron microscopes that the apatite 
layer consisted of small particles of the apatik vvith a similar structure to 
the apatite in the bone, and bonded directly to th~ apatite in the bone. 
From the present studies, it \\a"> re\ ea led that a dense and uniform 
layer of bone-like apatite could be forml!d on the \ arious kinds of organic 
polymers even in a form of fabrics b) the present biomimetic process, and 
that the adhesive strength of the apatite layer formed to the polymer 
substrat~s increased up to 10 MP a at ma\imum by a tr~atment of IICl, 
NaOII or glow-discharge of the substraks. 
The apatite-organic polymer composites obtained by the present 
biomimctic process are promising as bone-repairing materials, because they 
exhibit mechanical properties analogous to those of natural bone as well as 
high bioactivity. ln addition, they might be al"o useful ~ven as soft tissue-
repairing materials because they could exhibit ductility as well as high 
compatibility even with soft tissues. 
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